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Abstract of a thesis submitted in partial fulfilment of the 
requirements for the Degree of Ph.D. 
Abstract 
Developing deeper understanding of cooking-induced protein modifications 
in lamb using a proteomic approach 
 
by 
Tzer-Yang Yu 
 
Protein is a key component in meat and contributes significantly to its nutritional and sensory 
qualities. Typically, consumption of meat is preceded by some form of heat treatment, such as 
roasting or boiling. While some insight into cooking induced-changes in meat ultrastructure has been 
reported, at the molecular level much remains to be found out as meat is a highly complex food 
matrix and is subjected to various kinds of thermal processing conditions., A mass spectrometry-
based proteomic approach was employed in this research to explore the protein primary level 
chemistry of cooking meat. Specifically, mince prepared from 48 h post mortem lamb longissimus 
thoracis et lumborum was boiled and roasted. 
In the absence of published in-depth lamb skeletal muscle/meat proteome preceding this study, the 
proteome of the 48 h post mortem lamb longissimus lumborum pooled from Coopworth lambs was 
investigated by separating the samples into sarcoplasmic, myofibrillar and insoluble fractions, 
followed by a shotgun proteomic assessment and bioinformatics analysis. A total of 388 ovine-
specific proteins were identified and characterised. More than half of them were found in the 
sarcoplasmic fraction. The results also verified the existence of at least 300 predicted protein 
sequences from the sheep genome version 3. 
With this background proteomic information in hand, the research moved on to examine the 
changes in protein profile, map and track selected types of amino acid residue-level modifications in 
response to short (10 min) and long (240 min) periods of hydrothermal treatment (boiling) of the 
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lamb and the corresponding cooking water using a shotgun proteomic approach. Readily 
distinguishable differences in gel banding patterns and protein identification results of meat and 
cooking water between the short and the long boiling period were observed. The sodium dodecyl 
sulphate polyacrylamide gel electrophoresis in conjunction with LC-MS/MS (GeLC) results, specifically 
for the urea-thiourea extract of cooked meat, revealed that the prolonged boiling caused some 
proteins to aggregate/polymerise, e.g., glycogen phosphorylase, and some to truncate, e.g., the 
myosin heavy chains. Several peptides with heat-induced amino acid residue-level modifications such 
as single oxidation of phenylalanine or carboxyethyllysine, were characterised in the boiling 
treatment samples.  
The proteomic approach performed on the boiled lamb meat was then applied to the roasted lamb 
meat shaped as thin patty in order to minimise the temperature gradient during heating (at 195 ± 5 
°C for 5 and 10 min). The 10 min roasting under the given cooking set-up was shown to be much 
more destructive to protein structure than 240 min boiling as indicated by the drastically reduced 
protein extractability in the urea-thiourea solution and lack of defined bands in the polyacrylamide 
gels. Heat-induced amino acid residue-level modifications, e.g., carboxyethyllysine and cyclisation of 
non-tryptic N-terminal glutamic acid, were characterised in the roasting treatment sample(s). The 
overall variety of modifications characterised in the roasting treatment samples was less than in the 
boiling treatment samples. It is likely that certain amino acid residues, particularly the aromatic 
residues, were modified beyond simple oxidation by the roasting and destroyed completely.    
This research also showed that actin and myoglobin were the key sources of peptides with heat-
induced modification in the cooked meat samples. These peptides could be considered as candidate 
marker peptides targets for evaluating cooking-induced meat protein modifications across a range of 
processing conditions.  
Protein aggregation and alteration of the protein primary strucure can impact on the nutrition and 
functionality of meat as showed by previous studies. The characterisation of the molecular-level 
modifications occuring in lamb meat proteins during boiling and roasting by this research provides a 
good basis for better understanding the effect of these common food processing and preparation 
methods on the physical and nutritional properties of red meat-based foods.  
Keywords: Ovis aries, lamb, minced meat, heating, cooking, boiling, roasting, proteomics, LC-MS/MS, 
protein aggregation, amino acid residue-level modifications, protein oxidation, Maillard reactions  
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Chapter 1 
Introduction 
1.1 Underpinning aims: Why study meat protein modification? 
The red meat sector is an important part of the New Zealand economy. In the year ended June 2013, 
New Zealand’s red meat exports (lamb, mutton, beef, veal and venison), were worth $4.97 billion, 
equivalent to 11% of New Zealand’s total export revenue ("Compendium of New Zealand Farm 
Facts," 2014). 
Red meat per se has high nutritional value. It is a good dietary source of essential amino acids (Lawrie 
& Ledward, 2006) and several important micronutrients such as iron, zinc, vitamin B3 and B12 
(Wyness et al., 2011). For example, raw lean New Zealand lamb meat cuts contain about 21% protein 
while 71-74% being water (Purchas et al., 2014). From the biological point of view, protein provides 
for the physical structure of skeletal muscle, from which most of meat is derived (Xiong, 2000), and 
also the enzymes and receptors for the physiology of the muscle. Muscle/meat proteins also impart 
the texture-forming properties of muscle foods (termed “functionality” in the context of meat 
science), including water holding, fibre swelling, solubility/extractability, gelation, emulsification and 
adhesion/binding (Xiong, 2014). The specific functionality imparted by muscle/meat proteins under 
given processing conditions makes a significant contribution to variations in quality attributes that 
exist between muscle foods (Xiong, 2014).  
Red meat usually undergoes heat treatment prior to human consumption. In addition to lessening 
microbial concerns, heat can be manipulated to produce various kinds of meat products (Pearson & 
Gillett, 1996). Many of the heat-induced quality changes in meat, e.g., those of colour (Suman & 
Joseph, 2013), tenderness (Christensen et al., 2000) and gelation (Sun & Holley, 2011), have been 
found to be associated with alteration in the three-dimensional structural meat proteins and have 
been well-studied. Yet, much about the impact of heat on meat protein remains to be explored at 
the amino acid residue level. Such understanding is indispensable for attaining understanding of the 
chemistry behind the sensory, nutritional and health aspects of meat cooking.  
The quality of a dietary protein’s primary structure (molecular level) influences its nutritional value 
and functionality upon gastrointestinal digestion. Protein can be absorbed in the intestine in the 
form of single amino acids, di-/tripeptides and oligopeptides (Wada & Lönnerdal, 2014a). Digestion 
or absorption can be hampered if the residues recognised by the gastrointestinal digestive enzymes 
are modified, e.g., in the case of the Maillard reaction-modified lysine residue (Mori & Nakatsuji, 
13 
 
1977) or if the protein gets involved in cross-linking reactions induced by thermal effects of food 
processing (Daniel, 2004). Even if digestion is unaffected or improved through heat treatment 
(Kakade & Evans, 1966), a modified peptide may not be utilised in the same way as the unmodified 
one. On the other hand, some amino acid residue-level modifications may contribute to the desirable 
traits of a food product. For examples, the thermally-induced Maillard reaction products of whey 
proteins have been shown to exhibit antioxidant activity in vitro (Oh et al., 2013; Wang et al., 2013); 
the yellow secondary oxidation product of tryptophan, kynurenin (Dyer et al., 2006; Simat & 
Steinhart, 1998), may provide favourable colouration in certain foods; a disulphide linked protein 
network in spaghettis has been shown to confer shear resistance to particles and restrict starch 
swelling and subsequent leaching (Bruneel et al., 2010). When designing novel meat-derived 
products by incorporating functional ingredients from non-meat sources (Decker & Park, 2010; Zhang 
et al., 2010b), knowledge on the structural change of meat protein exposed to heat may also be 
useful reference due to potential complex interaction between food molecules, as exemplified in a 
recent study on antioxidant fortified bread (Świeca et al., 2014). An overview of amino acid residue-
level modifications that can occur during food processing such as side-chain redox modifications and 
Maillard reaction products, is given in the review chapter by Clerens et al. (2012). 
In order to deepen our understanding of the effect of cooking on meat protein from a molecular 
view, this research programme targeted mapping selected types of protein modifications at the 
amino acid residue-level including modification to the protein backbone and side-chains, in lamb 
meat cooked by two contrasting methods – boiling and roasting. For the purpose of acquiring 
baseline information, no other food ingredients are added to the meat. Lamb is chosen because it is 
currently one of the key New Zealand agricultural products, contributing to about 5% of New 
Zealand’s total merchandise export value in the year ended June 2013 ("Compendium of New 
Zealand Farm Facts," 2014). Mass spectrometry-based proteomics is chosen as the analytical 
approach because the technology has become an excellent tool for identifying and even locating 
chemical modifications on amino acid residues since the invention of soft ionisation techniques.  
The research programme comprises three objectives: 
1. Characterisation of the proteome of New Zealand lamb meat (from longissumus lumborum) – to 
date this has not been investigated in-depth at proteome level to our knowledge and the 
information is important for the subsequent objectives. 
2. Profiling protein modifications at the molecular level in boiled lamb meat. 
3. Mapping and tracking protein modifications at amino acid residue-level in roasted lamb meat. 
14 
 
1.2 Thesis outline 
This thesis consists of six chapters. Chapter 1 provides the background and the objectives of the 
research programme. Chapter 2 is the literature review that starts with an overview of the structure 
of a skeletal muscle cell, its proteinaceous components and its conversion to meat, followed by an 
account of current findings on heat-induced protein modifications in meat and several other 
biological materials. Chapter 3 is a methodology section that gives an introductory-type description 
on the methods used in the following experimental chapters. Chapter 4, 5 and 6 report the research 
outcome corresponding to the three objectives mentioned above. For these experimental sections, 
asscociated supplementary figures and tables are listed at the end of each chapter and referred to 
the appropriate attachments. The last chapter concludes with the findings arising from this research 
programme and offers suggestions for future development on tracking side-chain modifications in 
meat using proteomics. 
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Chapter 2  Literature review 
2.1 Skeletal muscle as meat 
2.1.1 Organisation of skeletal muscle 
Meat is derived mainly from the skeletal muscle of an animal, with this type of muscle making up 
about 40% of the body weight of meat-producing animals (Xiong, 2000). For convenient discussion, 
the term “meat” will here-in exclusively refer to that derived from skeletal muscle, unless otherwise 
indicated. Simply speaking, skeletal muscles are bundles of muscle cells (also known as muscle fibres) 
embedded in connective tissue (Bechtel, 1986). As illustrated in Fig. 2.1, each muscle cell is 
surrounded by connective tissue called the endomysium. These individual muscle cells are arranged 
in bundles, wrapped around by a layer of connective tissue called the perimysium (muscle fasciculi) 
(Bechtel, 1986; Pearce et al., 2011). Small bundles assemble into larger bundles and finally forming 
the muscle, which is encased in the epimysium, a layer of connective tissue composed of collagen 
(Bechtel, 1986). Skeletal muscle cells are elongated, multinucleated cells that exhibit diverse widths 
and lengths (Bechtel, 1986).  
 
 
 
 
 
 
 
 
 
 
 
 
16 
 
The plasma membrane of the muscle cell, termed sarcolemma, is similar in structure to other plasma 
membrane (Bechtel, 1986). However, the sarcolemma attached to the nerve axon can depolarise in 
response to a nerve impulse (Bechtel, 1986). A more detailed structural description of sarcolemma 
can be found in Cassens (1971) and Bechtel (1986). In between the sarcolemma and the endomysium 
lies a layer of extracellular matrix material called the basement membrane, which is composed of two 
layers: an internal basal lamina directly linked to the sarcolemma and an external fibrillar reticular 
lamina (Fig. 2.2) (Campbell & Stull, 2003; Sanes, 2003). In the basement membrane, nearly all 
proteins are glycosylated and virtually all the carbohydrate is covalently bound to protein (Sanes, 
2003). The basal lamina appears to exist in networks of type IV collagen and laminin (Sanes, 2003).  
Endogenous stems of skeletal muscle, termed satellite cells, reside between the muscle cell and the 
basal lamina (Campbell & Stull, 2003). The reticular lamina is continuous with the connective tissue 
Fig. 2.1. The gross 
organisation of a muscle 
(from Bechtel, 1986, p. 3). 
“Material removed due to copyright compliance” 
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(Kierszenbaum & Tres, 2012) and may contain type I and III collagen (Light & Champion, 1984; 
Purslow, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
The cytoplasm of a skeletal muscle cell is called the sarcoplasm (Cassens, 1971), the fluid encircling 
and permeating the myofibrils in the muscle cell plus the many kinds of inorganic, organic and 
protein materials and subcellular organelles suspended therein (Bodwell & McClain, 1971). The 
nuclei of the skeletal muscle cell are distributed peripherally whereas the mitochondria are disposed 
at the nuclear poles, directly under the sarcolemma and between myofibrils (Cassens, 1971).  
Myofibrils are long cylindrical contractile organelles found in skeletal and cardiac muscles (UniProt, 
http://www.uniprot.org/locations/SL-0312; Schiaffino & Reggiani, 1996), taking up approximately 
80% of the muscle cell volume (Davey & Winger, 1988). They are laterally linked to other myofibrils 
and to the sarcolemma via transverse intermediate filaments (Pearce et al., 2011). Around 85% of 
myowater (water in muscle) is located within the myofibrillar protein network while the other 15% is 
located outside the network (Pearce et al., 2011). 
Fig. 2.2. A diagram of muscle cell (from 
Bechtel, 1986, p. 4).   
“Material removed due to copyright 
compliance” 
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Fig. 2.3. The structure of sarcomere. The micrograph was from the website of the Theoretical and 
Computational Biophysics Group, Beckman Institute of the University of Illinois at Urbana-Champaign 
(http://www.ks.uiuc.edu/Research/z1z2/TITIN-OVERVIEW.jpg). The upper sarcomere diagram was 
from Keller III (1995) whereas the lower one was from Davey & Winger (1988). 
Each myofibril is constructed by repeating units known as the sarcomeres that join end-to-end (Fig. 
2.3). The architecture of skeletal muscle myofibrils has been well described and the reader can see 
“Material removed due to copyright compliance”  
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Bechtel (1986), Squire (1997) and Gautel (2011) for details. The protein components of sarcomeres 
and the cytoskeletal network associated with them have been reviewed by Clark et al. (2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4. A closer view inside a skeletal muscle cell (Blausen.com staff. "Blausen gallery 2014". 
Wikiversity Journal of Medicine. DOI:10.15347/wjm/2014.010. ISSN 20018762. - Own work). This 
diagram was displayed unmodified except resized.  
Skeletal muscle cells possess a specialized form of endoplasmic reticulum that regulates Ca2+ 
homeostasis and controls muscle contraction, called sarcoplasmic reticulum (Sorrentino, 2011) that 
surrounds each myofibril (Cassens, 1971) (Fig. 2.4). Transverse tubules (T tubules), which are 
continuous with the sarcolemma, form a second system of internal membranes accompanying the 
sarcoplasmic reticulum and act as voltage sensors (Sorrentino, 2011) (Fig. 2.4). The precise location 
of sarcoplasmic reticulum and transverrse tubules in skeletal muscle are portrayed in Cassens (1971), 
Franzini-Armstrong (1999) and Sorrentino (2011).  
“Material removed due to copyright compliance”  
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Other structures found in skeletal muscle cells include lysosomes, peroxisomes, Golgi apparatus, 
glycogen granules and lipid droplets. Lysosomes contain a range of hydrolytic enzymes (Bechtel, 
1986). Peroxisomes contain fatty acyl-CoA oxidase and catalase and are involved in lipid oxidation 
(Lawrie & Ledward, 2006). Golgi apparatus, in eukaryotic cells, is a stack of a series of closely 
associated flattened membrane sacs aligned in parallel (Percival & Froehner, 2007). This organelle 
mediates several types of post-translational modifications that are involved in the functional 
specialisation of proteins (Percival & Froehner, 2007). In skeletal muscle, the Golgi apparatus is 
localised in a dynamic manner because it is substantially redistributed during the muscle cell 
remodeling processes (Percival & Froehner, 2007). Glycogen granules are formed on the protein 
glycogenin (Graham et al., 2010). Their subcellular pools are reviewed in Graham et al (2010). 
Intramyocellular lipids are kept as lipid droplets, which consist of neutral lipids, a phospholipid 
monolayer with a variety of associated proteins (Shaw et al., 2009). In the type I human muscle 
fibres, lipid droplets have been shown to mainly localize in the space between the mitochondria 
(Shaw et al., 2008). 
Aside from the muscle cells, there are other cell types existing in skeletal muscle, including nerve 
cells, fibroblasts that synthesise connective tissue proteins and ground substance, different types of 
cells that comprise the vascular system and fat cells that are usually associated with the perimysial 
connective tissue (Bechtel, 1986). 
2.1.2 Proteins in skeletal muscle 
Skeletal muscle proteins are generally classified into three main groups on the basis of their solubility 
(Table 1.1): sarcoplasmic, myofibrillar and stromal (Lawrie & Ledward, 2006). The sarcoplasmic 
protein fraction, with a concentration of ~55 mg mL-1 in skeletal muscle (Scopes, 1970, as cited in 
Bechtel, 1986), can be further classified into different fractions through differential step-by-step 
centrifugation: the microsomal fraction, the mitochondrial fraction, the nuclear fraction and the 
remaining sarcoplasmic supernatant (Bodwell & McClain, 1971). Thus, the sarcoplasmic protein 
fraction contains a widely divergent group of proteins that control different cellular functions, e.g., 
the glycolytic enzymes, the mitochondrial oxidative enzyme, myoglobin, lysosomal enzymes, 
nucleoproteins and the oxidative enzymes like cytochromes (Pearson & Gillett, 1996).  
The myofibrillar proteins are proteins that make up the structures responsible for muscle contraction 
(Xiong, 2000). This group of proteins can be viewed as three subgroups based on their physiological 
and structural roles: (1) the major contractile proteins, including myosin (a hexamer comprising two 
heavy chains and light chains) and actin, (2) regulatory proteins that are involved in the initiation and 
control of contraction, e.g., tropomyosin, (3) cytoskeletal proteins that function in structural support 
(Xiong, 2000) and in maintaining the myosin filaments and the actin filaments in their relative 
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positions within a myofibril, e.g., titin (Linke & Krüger, 2010) and nebulin (Ottenheijm & Granzier, 
2010). Myofibrillar proteins are known to have the ability to bestow multiple functionalities (Xiong, 
2014).  
The stromal fraction contains mainly the connective tissue proteins, collagens and elastin (Goll et al., 
1989), which are part of the supporting framework for muscle cells (endomysium) and that for 
muscle bundles (perimysium) (Pearson & Gillett, 1996; Xiong, 2000).  
Table 2.1 The three classes of skeletal muscle proteins based on their solubility and location. The 
information in this table was summarised from Goll, Kleese and Szpacenko (1989), Xiong (2000) and 
Goll et al. (2008). 
Classes Location Abundance in skeletal 
muscle tissue (by 
weight) 
Solubility 
Sarcoplasmic Cytoplasm 
 
~30 to 35% of total 
protein 
 
Soluble at low (<0.05 M) 
ionic strength  
 
Myofibrillar Myofibril 
 
~55 to 60% of total 
protein 
 
Soluble at relatively high 
(>0.2 M) ionic strength  
 
Stromal  Principally extracellular, 
including collagen, reticulin 
and elastin; some 
membrane proteins that 
are detergent-soluble 
~10 to 15% of total 
protein 
 
Insoluble in neutral 
aqueous solvents  
 
2.1.3 Muscle-to-meat conversion 
In current scientific literature, meat commonly refers to skeletal muscle that has undergone a series 
of complicated biochemical and structural changes during its post mortem storage to reach a state 
more acceptable to consumers. This conversion process has been well studied but is yet to be fully 
understood, particularly at the molecular level. A brief overview of the process is given here. Recent 
reviews on this topic can be found in Kemp et al (2010), Pearce et al. (2011), Paredi et al. (2012), 
D'Alessandro & Zolla (2013), Ouali et al. (2013) and Lomiwes et al (2014). 
Muscle-to-meat conversion commences as blood circulation ceases upon slaughter of an animal. This 
leads to several major physiological changes, such as stop of nervous and hormonal regulation, 
destruction of osmotic equilibrium, cut of oxygen supply (Lawrie & Ledward, 2006) and accumulation 
of metabolic end products (D'Alessandro & Zolla, 2013). Hence, the irreversible anaerobic glycolysis 
of muscle glycogen takes place, resulting in production of lactic acid and pH decline until ATP is used 
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up (Honikel, 2014; Lawrie & Ledward, 2006). The rate of the pH decline can be sensitive to the rigor 
temperature. In the case of lamb, Wheeler & Koohmaraie (1994) have observed a pH decline in 
longissimus thoracis et lumborum (LTL) from 6.66 at 0 h post mortem to 5.81 at 24 h of storage in a 1 
°C chill cooler. The pH of the 24 h samples reached the ultimate pH (5.57) after a subsequent five-day 
storage at -5 °C. In another study, a pH decline from around 6.7 to 5.5 was reported at 12 h post 
mortem in lamb LTL kept at 15 °C (Ilian et al., 2001). Certain muscle proteins can be denatured on 
account of post mortem pH decline (Warriss, 2010), e.g. glyceraldehyde-3-phosphate dehydrogenase 
(Matsuishi & Okitani, 2000). 
The depletion of energy-rich phosphate causes fall of body temperature, onset of rigor mortis 
(Lawrie & Ledward, 2006) and, at least in part, increases in ionic strength inside the muscle cells, due 
to inability of ATP-dependent calcium, sodium and potassium pumps to function (Huff-Lonergan et 
al., 2010). Moreover, the cells become less capable of maintaining reducing conditions (Huff-
Lonergan et al., 2010). Rigor mortis is the stiffening of the muscle as post mortem glycolysis proceeds 
(Lawrie & Ledward, 2006). In resting live muscle, the presence of an ATP molecule keeps the myosin 
dissociate from the actin (Warriss, 2010). When ATP is depleted, the actin and myosin irreversibly 
combine to form actomyosin complex (Milligan, 1996) and the muscle loses its extensibility (Warriss, 
2010).  
Once the muscle is in rigor mortis, the commencement of meat tenderisation begins (Pearce et al., 
2011). The tenderisation process occurs through the action of endogenous muscle enzymes and is 
commonly termed as “ageing” (Devine, 2014). It should be noted that aging, in the context of meat 
science, can also be referred to the holding of unprocessed meat above the freezing point (-1.5 °C for 
meat) in the absence of microbial spoilage (Lawrie & Ledward, 2006) to allow development of 
tenderness and flavour. Post mortem proteolysis of the myofibrillar network by endogenous 
proteases is an important factor contributing to meat tenderisation (D'Alessandro & Zolla, 2013; 
Kemp et al., 2010; Warriss, 2010). Studies have shown that the proteolysis may start pre-rigor 
(Hopkins & Thompson, 2002) or well before the ultimate pH is attained, especially when the 
temperature fall is slow (Koohmaraie et al., 1987; Wheeler & Koohmaraie, 1994). More recent 
findings indicated apoptosis should also play an essential role in meat tenderisation (D'Alessandro & 
Zolla, 2013; Ouali et al., 2013). 
Myofibrillar and associated cytoskeletal proteins that have found to be degraded during post mortem 
tenderisation include actin, myosin, titin, nebulin, desmin, vinculin, dystrophin (Pearce et al., 2011) 
and troponin-T (Huff-Lonergan et al., 1996). Fragmentation of actin, known as a marker for apoptosis 
development, has been observed in rat Longissimus muscle at as early as 0.25 h post mortem using 
SDS-PAGE and western-blot (Becila et al., 2010). Aside from degradation, certain meat proteins have 
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been found to undergo oxidation (Huff-Lonergan et al., 2010) and change in phosphorylation 
patterns (Lametsch et al., 2011) during post mortem storage.   
2.2 Muscle and meat proteomics in sheep 
Proteomes are the ensembles of all proteins expressed by cells or tissues (Ahrens et al., 2010). Since 
no cell in any organism contains all the proteins encoded by its genome all together at one time, any 
proteome is specified by the state of the organism, tissue or cell that produces it (Lieber, 2002). 
However, at present, it is hardly feasible to cover the entire proteome in a tissue of higher 
eukaryotes in a single proteomic study due to the involvement of a large number of gene products 
(with or without post-translational modifications) that span a huge dynamic range and may exhibit 
different physical (e.g., size) and/or chemical (e.g., hydrophobicity) properties.  
Due to its importance in medical and physiological research, the skeletal muscle proteome has been 
extensively characterised in both humans (Højlund et al., 2008; Parker et al., 2009) and the widely 
studied model mammalian species, mouse (Deshmukh et al., 2015; Drexler et al., 2012; Geiger et al., 
2013; Raddatz et al., 2008; Rayavarapu et al., 2013). The skeletal muscle proteome (and that of its 
post mortem counterpart) of livestock has been more commonly studied in the context of meat 
science. Proteomics, i.e., the study of a proteome, holds great potential to elucidate the complex 
cellular processes that influence meat quality traits and their interactions with environmental factors 
(Mullen et al., 2006). Such knowledge can aid optimisation of whole chain management systems for 
delivering consistent meat (Mullen et al., 2006). Proteomic techniques have already been employed 
to study the mechanisms behind livestock muscle growth (Picard et al., 2010), muscle-to-meat 
conversion (Huang et al., 2012; Polati et al., 2012; Wu et al., 2014b) and various aspects of meat 
qualities such as tenderness, water holding capacity and colour (D'Alessandro & Zolla, 2013; Paredi et 
al., 2012). Moreover, such techniques have also been applied to determine meat authenticity (Paredi 
et al., 2013; Sentandreu & Sentandreu, 2011) and to investigate quality differences between 
processed meat products (Škrlep et al., 2011; Théron et al., 2011) and alteration in meat proteome 
during/after processing (Montowska & Pospiech, 2013; Paredi et al., 2013; Trani et al., 2010). 
The number of published skeletal muscle/meat proteomic studies on sheep is much lower than those 
of cattle and pig (Paredi et al., 2012; the author's observation), the other common mammalian meat 
species. The majority of these studies on sheep were protein expression profiling studies using two 
dimensional gel electrophoresis (2-DE)-based proteomic workflows (Hamelin et al., 2007; Hamelin et 
al., 2006; McDonagh et al., 2006; Zhu et al., 2006). In these cases, protein identification was only 
attempted for the differentially expressed proteins, i.e., those that altered in quantity between 
samples. The exceptions were the two studies by Addis, Tanca, Pagnozzi, Crobu et al. (2009a) and 
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Addis, Tanca, Pagnozzi, Rocca et al. (2009b), who employed SDS-PAGE in conjunction with LC-MS/MS 
(GeLC) and 2-DE followed by MS-based protein identification, respectively, along with other 
biochemical technique(s), to demonstrate the robustness of an optimised method for extraction of 
full-length proteins from formalin-fixed paraffin-embedded tissues. Nevertheless, in these two 
studies not all gel slices or distinct protein spots were subjected to further proteomic analysis. Until 
very recently (Yu et al., 2015), there has been no study dedicated to characterising the ovine skeletal 
muscle/meat proteome in depth, as has been published on cattle (Bjarnadóttir et al., 2012; Bouley et 
al., 2004; Chaze et al., 2006; Talamo et al., 2003) and pig (Di Luca et al., 2013; Hakimov et al., 2009; 
Huang et al., 2014a).  
2.3 Protein modifications in red meat as a result of cooking 
Heat may cause proteins to lose their native conformation (denature) by providing the polypeptides 
with kinetic energy, increasing their “thermal motion” thus rupturing the weak intramolecular forces 
(e.g., non-polar interaction, various kinds of electrostatic interaction and disulphide bonds) that hold 
the proteins together (Davis & Williams, 1998). As the temperature increases, a protein starts to 
unfold. When almost all the tertiary and secondary structures are lost, the unfolded protein may 
aggregate, have its disulphide bonds scrambled, undergo side-chain modifications (Davis & Williams, 
1998) and/or cross-link with other polypeptide(s). Aggregation is the consequence of non-polar 
interaction between heat-denatured proteins whose hydrophobic groups have turned outward into 
the surrounding water, in order to adopt a lower energy state (Davis & Williams, 1998). 
Intermolecular disulphide bond formation and thiol-disulphide interchange have been observed in 
heated milk protein under model systems (Cho et al., 2003; Livney & Dalgleish, 2004). With respect 
to side-chain modifications caused by heating, the deamination of asparagine, the Malliard reaction 
and a series reaction with lysine leading through N6 lysino intermediate (the hydrogen loss from the 
ε-amino) to various derivatives have been regarded as important (Davis & Williams, 1998). More 
recently, an increased variety of side-chain modifications, such as those induced by oxidation, have 
been characterised in proteins following heat treatment. Examples of these studies will be given in 
the text below. 
The review presented here is a survey of heat-induced protein modifications at the molecular level 
observed on food, with a focus on red meat, that has not undergone prior processing involving 
external ingredients/additives (e.g., salting). Information on the effect of cooking on quality 
alterations of meat products with respect to the structural changes of meat protein can be found in 
Hughes et al. (2014), Tornberg (2005) and Lawrie & Ledward (2006). Investigation of protein 
modifications in processed cooked meat can be found in Beuk et al. (1949), Barbieri and Rivaldi 
(2008), Ganhão et al. (2010) and Di Luccia et al. (2015). The effect of cooking on in vitro digestibility 
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of meat proteins can be found in the studies by Bax et al. (2012), Bax et al. (2013b), Santé-Lhoutellier 
et al. (2008) and Wen et al. (2014) while that on in vivo digestibility of meat has recently been 
investigated using minipigs (Bax et al., 2013a). 
2.3.1 Cooking as a type of meat processing 
Meat processing has been defined as “the procedures that are applied to fresh meat once it has been 
reduced to various sizes that may vary in bone content and composition“ (Schmidt, 1988). Cooking is 
one type of meat processing (Schmidt, 1988). There are several advantages for cooking meat: 1) 
increasing its stability by destruction of vegetative pathogens and spoilage organisms, 2) improving 
meat palatability by bringing about structural and chemical changes (James & James, 2014) and 3) 
providing a variety of meat products (Pearson & Gillett, 1996). 
Methods of meat cooking are normally differentiated by the means of heat transfer. For 
conventional cooking methods, conduction, convection and radiation are used as media for heat 
transfer (Bejerholm et al., 2014). The definitions of the three heat transfer modes, according to 
Spakovszky and Greitzer (2002), are given here. Conduction is defined as “transfer of heat occurring 
through intervening matter without bulk motion of the matter”. Convection refers to heat transfer 
due to a flowing fluid; the fluid can be a gas or a liquid. Radiation is defined as “transmission of 
energy through space without the necessary presence of matter”. Nevertheless, radiation can still be 
important in situations in which an intervening medium is present, e.g., heat transfer from a fire or 
from a glowing piece of metal (Spakovszky & Greitzer, 2002). Meat cooking usually involves more 
than one mode of heat transfer (Bejerholm et al., 2014). In dry-heat cooking, the meat is surrounded 
by hot air; yet frying in fat and pan frying are also regarded as dry-heat methods of cooking (Pearson 
& Gillett, 1996). In contrast to dry-heat cooking, moist-heat (hydrothermal) cooking makes use of hot 
liquid or steam (Pearson & Gillett, 1996). In reality, meat cooking procedures are often combinations 
of dry heat and moist heat (Pearson & Gillett, 1996). Tender cuts, e.g., steaks or roasts from the loin 
and leg of lamb are usually acceptable when cooked by dry-heat methods whereas tough cuts, e.g., 
shank and breast of lamb generally require moist-heat or combination methods to give the best 
results (Pearson & Gillett, 1996).  
Conventional cooking of meat results in heterogeneous heat treatment of the product on account of 
the steep temperature gradients (Tornberg, 2013). On the contrary, emerging mild cooking 
technology such as ohmic cooking can achieve a more homogenous heating by heating the whole 
volume of meat at the same time (Tornberg, 2013).  
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2.3.2 Changes in secondary and tertiary structure 
High temperature causes protein denaturation in meat and a considerable reduction in the water 
holding capacity of meat (Lawrie & Ledward, 2006). Physical changes occurring during heating of 
intact beef-derived single muscle cells (myofibres) and very small myofibre bundles (containing 40-50 
myofibres) between final temperatures of 40 °C and 90 °C have been systematically studied by 
Bendall and Restall (1983). In addition, the authors also studied heating of larger bundles of 2 mm in 
diameter. The results of this study led to depiction of the stewing process taking place in a large 
piece of meat: firstly, from 40-52.5 °C, denaturation of sarcoplasmic and myofibrillar proteins leading 
to a slow loss of fluid from the myofibres into the extra-myofibre spaces without shortening; 
secondly, between 52.5-60 °C, an increasingly rapid loss of fluid from the myofibres, reaching a 
maximum rate and extent at about 59 °C, but still without overall shortening of the meat – probably 
mainly due to heat shrinkage of the basement membrane collagen (type IV and perhaps type V as 
well) at about 58 °C; thirdly, at 64-94 °C, considerable overall shortening, decrease in cross-sectional 
area accompanied by increase in cooking loss with heat shrinkage of the endomysial, perimysial and 
epimysial collagen; finally, long periods of stewing resulting in partial or complete gelatinisation of 
the epimysial collagen, following by that of the endo- and perimysial collagen, thus the soft and 
tender feature of stews (Bendall & Restall, 1983). Meats with a high pH or fat content have been 
shown to exhibit higher water holding capacity, as demonstrated in some cooking studies (Lawrie & 
Ledward, 2006).  
2.3.2.1   Different meat proteins can denature at different temperatures 
As previously mentioned, different meat proteins can denature at different temperatures: by 
measuring the apparent heat capacities of individual protein components (i.e., sarcoplasmic, 
myofibrillar and stromal) over the range of 20-90 °C with a differential scanning calorimeter (DSC), 
Kemp et al. (2009) found the myofibrillar proteins from lamb and beef displayed a denaturing peak 
between 55 °C and 60 °C whereas the stromal proteins did so at about 60 °C. The sarcoplasmic 
proteins of lamb, beef or pork did not give distinctive denaturation peaks but the maximum apparent 
heat capacity values indicated the denaturation probably occurred between 50 °C and 70 °C (Kemp et 
al., 2009). Hamm and Deatherage (1960) reported the solubility of the globular protein fraction from 
beef (extractable at low ionic strength: 0.1 M KCl) decreased markedly between 40 °C and 60 °C 
whereas that of the structural proteins (the combined fractions soluble in 0.1 M phosphate buffer or 
0.6 M KCl) including myosin and actin markedly decreased from 20 °C to 40 °C but the greatest 
decrease was also found between 40 °C and 60 °C. Schmidt (1988) stated that heat denaturation of 
the sarcoplasmic proteins extends from around 40-90 °C although most of them coagulate between 
40-60 °C. Coagulation of muscle myoglobin occurs at about 65 °C (Schmidt, 1988). Myoglobin 
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denaturation is responsible for the colour change between raw and cooked meat (Bejerholm et al., 
2014). 
According to Bejerholm et al. (2014), the meat myofibrillar proteins begin to denature from different 
temperatures: α-actinin and myosin (not specified as the heavy chain and or the light chain by the 
authors) begin to denature from 40 to 50 °C, titin, from 60 °C and actin from 70 °C. In general, 
denaturation of meat connective collagens takes place at higher temperature than that of the 
myofibrillar proteins: at 60-70 °C the collagen fibres shrinkage are initiated (Schmidt, 1988). At higher 
temperature (> 75 °C), solubilisation of the collagen can occur (Bejerholm et al., 2014) and finally 
leading to its disintegration, forming gelatine although the latter does not take place noticeably 
below 100 °C (Lawrie & Ledward, 2006). 
2.3.2.2   Observation from gel electrophoresis-based techniques 
Protein degradation, polymerisation or loss in extractability upon cooking can be assessed by gel 
electrophoresis. Dramatic reduction in the meat protein extractability in water due to heating has 
been shown in the studies by An et al. (1988) on shrimp, Apostolovic et al. (2014) on beef and 
Sentandreu et al. (2010) on beef, pork and chicken using SDS-PAGE. Dai et al. (2013) also showed a 
drastic reduction in band intensity of sarcoplasmic proteins on SDS-PAGE when the endpoint internal 
temperature of pork cooked in a water bath and an ohmic heating device reached 60 °C and above 
(up to 80 °C studied). However, the protein bands corresponding to the ohmic cooking exhibited 
higher intensity at 70 and 80 °C, indicating improved (i.e., higher) water-holding capacity (Dai et al., 
2013). Curiously, in this study the intensity of protein bands at the endpoint temperature of 50 °C 
was notably higher than that at 40 °C, regardless of the types of cooking. 
The effects of heat treatment (cooked in a water-bath; up to 100 °C of internal temperature) on 
several meat quality parameters of pork, including the protein degradation SDS-PAGE profiles, and 
their correlations, has been evaluated by Huang et al. (2011a). Based on their results, no apparent 
breakage of fibres has been observed (assessed by transmission electron microscopy) upon the 
heating. In terms of the SDS-PAGE profiles of the sarcoplasmic (water-soluble) fraction, many bands 
either disappeared or weakened between 50-60 °C; at 80 °C, all sarcoplasmic protein bands became 
weak or disappeared and no visible difference could be found between 80 and 100 °C. With respect 
to the myofibrillar fraction, the protein profiles showed that nebulin became slightly degraded at 80 
°C and completely disappeared at 100 °C; titin was completely degraded at 60 °C; interestingly, 
myosin heavy chain remained mostly changed up to 80 °C but decreased remarkably at 100 °C 
whereas actin was visually stable through this heating process. More recently, Wen et al. (2014) 
showed that band intensities on SDS-PAGE gels decreased in general as the pork (cooked to 60, 65, 
70 and 100 °C in a water bath without direct contact to the water) centre temperature increased, 
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particularly for 100 °C. The authors ascribed this finding to the aggregation of meat proteins. In 
detail, the MS analysis of the gel bands revealed that proteins exhibited various degrees of tolerance 
to heating: e.g., myosin heavy chain (224 kDa) and myoglobin (17 kDa) being distinctively intolerant, 
glycogen phosphorylase (98 kDa) and actin/creatine kinase (42 kDa) being a bit more tolerant 
whereas triosephosphate isomerase (27 kDa) and myosin light chain 3 (22 kDa) showing stronger 
tolerance even at 100 °C (Mr listed in this sentence are based on the theoretical values). 
Another study assessing the effect of technological procedures (freezing storage prior to cooking and 
cooking 3 g of pork in a dry bath at 60 °C, 100 °C and 140 °C for up to 60 min) on protein aggregation 
using Rayleigh light scattering, 1D-PAGE and electron microscopy has been performed by Kajak-
Siemaszko et al. (2011). Cooking at 60 °C throughout the process did not cause a visible change in 
protein profiles. They showed that higher temperatures (100 °C and 140 °C) led to much faster 
increase in aggregation (Kajak-Siemaszko et al., 2011). The meat cooked at 100 °C lost 40% of myosin 
heavy chain and, at 140 °C, 80% was lost (assessed by optical density). To explain this finding, 
formation of polymerised protein aggregates that were too big to enter the gels was proposed. Actin 
was much more stable and a decrease in the actin band did not occur until 20 min of heating at 140 
°C. Contrasting results were found in the study by (Vujadinović et al., 2014), who observed rapid 
reduction in urea-soluble myofibrillar protein concentration when the internal temperature of the 
pork reached above 51 °C using capillary electrophoresis, regardless of cooking methods (bagged in 
water-bath vs roast).  
Using 2-DE and MALDI-TOF (peptide mass fingerprinting) analysis for protein identification, 
Montowska and Pospiech (2013) examined the effects of cooking (dry-heat) on the meat proteome 
of six species (cattle, pig, chicken, turkey, duck and goose). However, the heating temperature used 
and the positions of sub-sampling on the cooked meat were not mentioned in the paper. In later 
studies employing 2-DE and MALDI-TOF/TOF in goat longissimus thoracis heated at 100 °C (30 min) 
or autoclaved at 121 °C at 15 psi (20 min) without addition of water, Sarah et al. (2013) found a 
significant decrease in the actin spot intensity irrespective of treatment types and the autoclaving 
reduced the spot intensity more than 100 °C. Under the same autoclaving condition, it was also 
found that five myofibrillar and two sarcoplasmic proteins (including actin and myoglobin) displayed 
higher heat stability based on spot intensity (Sarah et al., 2014). In spite of that, the heat treatment 
had caused significant reduction in their spot intensity except the two myosin light chains and 
tropomyosin alpha-chain. Interestingly, the heat treatment clearly resulted in a lower number of 
peptide IDs and sequence coverage for these three proteins but this was not the case for the actin 
and myoglobin. 
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2.3.2.3   Increase in protein surface hydrophobicity and protein aggregation 
It has been shown that heating of bovine muscle protein extract (100 °C for 30 min, pH 7, containing 
0.6 M of NaCl) markedly increased both aromatic and aliphatic hydrophobicity (Marin et al., 1991). 
This suggests that heating in the salty aqueous solution results in protein unfolding and exposes the 
hydrophobic residues buried in the interior of the proteins. Later, Santé-Lhoutellier et al. (2008) 
demonstrated that heating beef (0.5 x 0.5 x 2 cm) in a 100 °C dry bath for 5 min was enough to cause 
significant changes in surface hydrophobicity and aggregation of myofibrillar proteins. Moreover, the 
increase in the hydrophobicity was also observed in the connective tissue of the cooked beef (Santé-
Lhoutellier et al., 2008). A progressive increase of carbonyl content in myofibrillar proteins in a time 
dependent manner at this cooking temperature has also been observed.  
An investigation using laser granulometry on the dynamics of meat protein aggregation in response 
to cooking found that moderate cooking (50-60 °C or 80 °C for less than 20 min) turned myofibrils 
into fibrous aggregate whereas strong cooking (80 °C for more than 20 min or 100 °C or 140 °C) 
transformed them into an amorphous aggregate with increased circularity (Promeyrat et al., 2010a). 
This study also revealed increased cooking time (only applicable to 50-60 °C) or cooking temperature 
reduced the particle numbers and particle size in the meat extract. The cooking mode (dry or “in-
water”) did not affect the granulometry measurements in the study.  
A significant Increase (p <0.05) in protein oxidation (measured as carbonyl content) has been found 
in pork (3 g/sample) after 30 min of dry bath cooking at 100 °C and 140 °C but not at 70 °C, and this 
was not affected by the rearing conditions (indoor vs outdoor) (Bax et al., 2013b). Nevertheless, the 
same study showed that at 70 °C the myofibrillar protein surface hydrophobicity peaked and no 
significant change was observed when cooked at 100 °C and 140 °C.  
Cooking (100 °C in dry-bath for 10 or 30 min) has been shown to increase protein surface 
hydrophobicity, carbonyl, protein aggregate, Schiff’s bases (formed in the early stage of Maillard 
reaction (Arena et al., 2014) or by the interaction of the dialdehydic products of lipid peroxidation 
with free amino groups; measured by fluorescence in this study) and thiobarbituric acid reactive 
substances (TBARS, indicating lipid oxidation) in pork whatever the treatment time (Traore et al., 
2012a). In this study, Western Blot for oxidised proteins revealed oxidised myosin, actin and high 
molecular weight proteins after 30 min of cooking. In another study on pork (in parallelepipeds, 0.5 x 
0.5 x 2 cm; cooked at 100 °C), Promeyrat et al. (2010b) reported a significant and negative correlation 
between the particle size (measured as mean equivalent circle diameter), as well as the particle 
number, and the accumulation of Schiff bases while a high significant positive correlation was found 
between the particle size and tyrosine content. Yet, the authors found no correlation between the 
granulometry parameters and protein carbonyl amount. The protein surface hydrophobicity was 
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found to be negatively correlated with both particle number and size. Taken together, heat-induced 
alteration in the supramolecular structure of meat protein is potentially related to alteration at the 
all levels of protein structure (primary, secondary and tertiary). 
In two recent studies, the physiochemical changes (carbonyl and free thiol contents for evaluating of 
protein oxidation; surface hydrophobicity and aggregation for assessing conformation changes) of 
myofibrillar protein from rabbit skeletal muscles in response to heat treatment were investigated 
using mimetic experimental models (Promeyrat et al., 2013a; Promeyrat et al., 2013b). In this way 
the relative contributions of chemical and thermal effects can be studied. The authors found that 
changes in protein hydrophobicity and aggregation were dominated by the heating process whereas 
carbonyl formation was weakly affected by heat alone but exacerbated by oxidants (Promeyrat et al., 
2013b). Also, hydrogen peroxide (H2O2) was found to be more oxidative than organic peroxides 
(ROOH) at 75 °C (Promeyrat et al., 2013a). Further, a fibre-type effect on protein oxidation and 
thermal denaturation has been found: myofibrillar proteins from α-white fibres were more 
susceptible to oxidation and denaturation than those from β-red fibres (Promeyrat et al., 2013a). 
Interestingly, Traore et al. (2012b) found that raw pork with high drip loss (drip loss ≥ 4%) exhibited 
higher carbonyl, oxidised actin and oxidised aggregate after cooking (100 °C in dry-bath for 30 min) 
than the low (drip loss ≤ 2.60) and medium drip loss (2.60% < drip loss < 4%) groups even though the 
protein surface hydrophobicity and carbonyl level were similar in the three groups before cooking. 
2.3.3 Changes in primary structure 
Studies of the effect of cooking meat at temperatures from 60 to 100 °C have revealed that heating 
can cause modifications at amino acid residues level although some have yielded variable results. 
Using a dye-binding approach (Fraenkel-Conrat & Cooper, 1944), Hamm & Deatherage (1960) 
observed a decrease in detectable acidic (carboxyl) groups between 40 and 50 °C and from 55 to 70 
°C when heating ground beef in a water bath without actual contact with the water. In total, around 
one third of the carboxyl groups of the beef were found to be lost by heating from 20 to 70 °C. The 
basic groups, on the other hand, were not significantly affected (Hamm & Deatherage, 1960). This 
phenomenon was observed when heating the meat at its normal pH, i.e., 5.5 and the reaction(s) that 
lead to this acid group loss was not known (Hamm & Deatherage, 1960). On the other hand, amino 
acid analysis of pork cooked to 60 or 75 °C did not show a decrease in aspartic acid and glutamic acid 
(expressed as a percentage of total amino acids) as opposed to arginine and lysine (Wilkinson et al., 
2014). An earlier study on beef cuts cooked in casseroles (100 ± 18 °C for around 5-6.5 h) also found 
no marked loss of the acidic amino acids compared to the basic amino acids and the common 20 
amino acids apart from asparagine and glutamine (not examined) were essentially stable to the 
cooking (Greenwood et al., 1951).  
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Using second derivative spectrophotometry, Gatellier et al. (2009a) demonstrated that heating beef 
at 60 °C had little effect on aromatic amino acid residues while 100 °C and 140 °C dramatically 
reduced the stability of these residues. The stability of the residues during cooking ranked 
tryptophan > phenylalanine > tyrosine (Gatellier et al., 2009a). Rice and Beuk (1953) summarised a 
wealth of experimental data and concluded that heating of meat below 100 °C causes negligible 
reduction in the biological value of the protein. 
Formation of carbonyl, γ-glutamic semialdehyde (arginine or proline-derived) and α-aminoadipic 
semialdehyde (lysine-derived) have been examined in lamb loins subjected to sous-vide cooking at 
different combinations of temperature (60, 70 and 80 °C) and time (6, 12 and 24 h) by Roldan et al. 
(Roldan et al., 2014). In this study, carbonyl levels were found to increase in a time-dependent 
manner for all the cooking temperatures considered but the pattern of their accumulation was 
similar at all three temperatures. All the cooked samples contained higher levels of the 
semialdehydes than those of the raw meat. However, only the 60 °C cooking resulted in a time-
dependent increase. At 80 °C, the amount of γ-glutamic semialdehyde decreased with cooking time. 
This may be explained by the previous findings that these semialdehydes may be involved in other 
reactions and be degraded (Roldan et al., 2014). Promeyrat et al. (2011) analysed the relationships 
between pork protein oxidation formed during storage and cooking and the differentially expressed 
proteins in the early post mortem sarcoplasmic proteome (30 min right after exsanguination) of 50 
pigs sourced from two different breeds raised in three different rearing systems (to provide sufficient 
variability in the proteome and the meat oxidation level). The authors found a low (15%) but 
significant (P<0.05) increase in the level of carbonyl groups after cooking the pork (0.5 x 0.5 x 2 cm) 
at 100 °C for 30 min. 
Formation of carbonyl groups can be caused by the reaction between NH or NH2 side chain groups of 
amino acid residues and hydroxyl radicals (OH) during protein oxidation (summarised in Filgueras et 
al., 2011) but other mechanisms may also be involved (see the review by Estévez, 2011 for details). In 
cooked meat, an increase in protein carbonylation can be caused by the physico-chemical changes 
induced by the high temperature treatments like the disruption of cellular compartmentalisation, the 
release of catalytic non-haeme iron and the formation and cleavage of hydroperoxides (Estévez, 
2011; Soladoye et al., 2015). While protein carbonylation is generally ascribed to the direct attack of 
free radicals, Villaverde and Estévez (2013) demonstrated that carbonylation of myofibrillar proteins 
can take place through a Maillard type pathway using a model system with copper ions and reducing 
sugars. The Maillard reaction, rather than being a discrete chemical reaction, is a complex network of 
non-enzymatic reactions between reducing sugars and amino compounds that lead to the formation 
of sugar-derived adducts and cross-links (Arena et al., 2014; Zhang et al., 2008). This study also 
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showed high temperatures (80 and 110 °C) intensified the carbonylation and the fluorescence 
derived from advanced glycation end-products (AGEs, formed via the Maillard reaction).  
In the case of higher cooking temperature, a massive increase in protein carbonyls and fluorescence 
that may be indicative of Maillard product formation has been detected after the surface 
temperature of very thin slice (1-2 mm) of beef was heated above 141 °C (Gatellier et al., 2009b). The 
authors attributed these changes to interactions between proteins and aldehyde products of lipid 
peroxidation because of the correlations between protein carbonyls, TBARS and fluorescence 
emission. A later study by the same research group using the same cooking set-up also showed that 
extreme cooking conditions (meat surface temperature reaching 207 °C after 5 min of superheated 
steam treatment) caused a remarkable increase in protein carbonyl, fluorescent emission and 
degradation of aromatic residues (Gatellier et al., 2010). 
Maillard reaction can occur upon heating of meat because meat contains a small amount of 
carbohydrates, primarily those originating from glycogen and nucleotides (Schmidt, 1988). The 
formation of two common AGEs, Nε-carboxymethyllysine (CML) and Nε-carboxyethyllysine (CEL), has 
been characterised in ground beef under pasteurisation conditions (meat sealed in cylindrical 
aluminium cells during heating) covering a wide range of heating temperatures (65-100 oC) and 
heating times (0-60 min) (Sun et al., 2015). The AGEs were released by acid hydrolysis and analysed 
by hydrophilic interaction LC-MS/MS operated in multiple reaction monitoring (MRM) mode. The 
amounts of both AGEs steadily increased with heating time and heating temperature. Moreover, a 
strong linear relationship (r2 = 0.920) was found between the levels of CML (2.76-19.96 mg/kg) and 
CEL (2.32-11.89 mg/kg) in raw and heated beef. The level of pentosidine, a protein cross-link product 
that results from the reaction of pentoses with lysine and arginine residues, has been found to be 
very low (not above the instrumental determination limits, i.e., 20 μg/100 g meat) in raw and cooked 
(to a core temperature of 70 or 100 oC) beef and turkey samples (Peiretti et al., 2012). In this study, 
several commonly used cooking methods with standard cooking times were used and the 0.6 M 
trichloroacetic acid soluble extract from the cooked meat was analysed by LC-MS/MS. 
An rapid initial increase in fluorescence that covers the spectrum previously published for AGEs in 
the first 30 min of boiling, followed by a smaller change during the last 180 min of cooking time, has 
also been observed by Deb-Choudhury et al. (2014) in both cooking water and cooked meat. 
Interestingly, in the cooked meat, a non-homogenous increase in red fluorescence that included 
excitation well outside that previously reported for AGEs, was also observed. The study, profiling 
hydrothermal protein modifications in cooked meat at the amino acid level, used several different 
approaches, namely the o-phthalaldehyde assay for quantifying free amine, gel filtration 
chromatography for estimating molecular mass distribution in the cooking water, amino acid 
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analysis, LC-MS/MS-based proteomics, and microspectroscopic and fluorescence studies of both 
meat and cooking water. The proteomic study indicated that heat exposure increased oxidative 
damage in protein of both the meat and the cooking water, with the effect in the latter being more 
pronounced. The oxidative damage was reported to be mainly contributed by phenylalanine 
oxidation and the formation of quinone from tyrosine. The gel filtration chromatography results on 
cooking water suggested protein hydrolysis may have taken place during boiling because the low 
molecular weight (< 2.2 kDa) increased as a result of exposure to heat.  
On the other hand, Ponce et al. (1994) have found that increasing the cooking time when heating 
lamb meat mince at 100 °C in a canning retort resulted in more complex ESI-MS trace from the urea 
extract of the meat. The authors suggested this is probably due to breakdown of the muscle proteins 
into fragments that can be extracted with the urea solution. Interestingly, ES-MS results showed 
myoglobin was quite stable even after heating at 121 °C for 1 h. 
Alteration in disulphide bonds and modification of asparagine and/or glutamine upon thermal 
treatment has also been noted. Heating chicken breast meat homogenised in water at 60, 70, 80, 90 
or 100 °C has been found to increase the amounts of disulphide bonds and decreased the 
sulphhydryl groups in a temperature dependent manner (Cui et al., 2009). The authors also reported 
a significant (P <0.05) increase in peptide nitrogen in the enzyme (Alcalase, which preferentially 
cleaves at the carboxyl side of glutamic acid, methionine, leucine, tyrosine, lysine and glutamine 
residues) hydrolysate of the meat protein previously heated at 70 °C compared to that in the sample 
heated at 60 °C. However, the soluble nitrogen level and the free amino acid level both dropped in 
response to temperature increase. King (1978) found the proportion of isoelectric point variants of 
actin to increase progressively upon extending the heating time at 100 °C. The author related this 
finding to the hydrolysis of amide groups from asparagine and/or glutamine residues as concomitant 
release of ammonia on heating had also been observed.  
During the cooking of meat, heterocyclic amines (HCAs) can form through the reaction between 
creatinine and other small organic molecules but also due to thermal decomposition of proteins or 
amino acids (Turesky et al., 2005). Certain HCAs produced during cooking of meat have been shown 
to form adducts with proteins (Chepanoske et al., 2004; Dingley et al., 1998; Turesky et al., 1987). 
Among these HCAs, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) has been detected as 
adducts on protein in several types of cooked meat and fish (Kataoka et al., 2010).  
Under prolonged heating at 120 °C (7-45 h), some of the coagulated muscle proteins are broken 
down to peptides of low molecular mass and free amino acids (Schmidt, 1988). Concerning release of 
free amino acids (FAA) during cooking via proteolysis, Rodriguez-Estrada et al. (1997) have found the 
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FAA content of the raw ground beef was higher than the corresponding cooked hamburgers, possibly 
because the amount of the FAA lost in the cooking medium and/or combined with other molecules 
was higher than that formed by proteolysis.  
2.4 Heat-induced protein primary structure modifications in other biological 
materials 
Characterisation of heat-induced amino acid residue-level modifications has also been performed on 
proteins from other biological materials. The findings from a number of these studies are 
summarised here. They may not only help shed light on the current red meat-related findings, which 
are reviewed in Section 2.3.3, but also provide useful information for developing future research 
strategy on the part of red meat. Nevertheless, on account of the wide range of objects involved, this 
section is not comprehensive.  
Indeed, it is worth bearing in mind that the relative chemical composition of the foods that will be 
discussed here can be quite different from that of red meat and this might impact on the type and/or 
extent of protein modifications that can be formed upon thermal treatment. For example, milk 
contains 3-4% protein, 3-6% of milk fat and 2-5% lactose (a disaccharide of galactose and glucose, the 
major carbohydrate in milk) (Eskin & Goff, 2013). Lactose is a reducing sugar that can react with 
amino groups to form Maillard reaction products, including lactulosyllysine and CML (van Boekel, 
1998). Typical adult mammalian muscle after rigor mortis, on the contrary, contains 19% protein, 
2.5% lipid and only 0.3% of non-lactic acid carbohydrate (Lawrie & Ledward, 2006). Also, the 
organisations of proteinaceous components between the matrices of the two food types are very 
different. 
2.4.1 Milk proteins 
When heating caseinate at 120 °C in a model system (pH 6.5), deamidation has been shown to occur 
and it appeared to mainly take place in the amide group of asparagine residues (van Boekel, 1999). In 
the same study, degradation of the protein into smaller peptides, as well as dephosphorylation and 
formation of dehydroalainine in β-casein solution (pH 7) have also been noted at this temperature. 
Dehydroalanine is the postulated reactive precursor for lysinoalanine (reviewed in Friedman, 1999). 
Formation of lysinoalanine in proteins by dry heat has been found in model systems (reviewed in 
Friedman, 1999). Products of sodium caseinate hydrolysis have been found by Hustinx et al. (1997), 
after heating at 140 °C for 120 min at pH 7.0. The authors identified several cleaved bonds, e.g., the 
bond P2-K3 in αs1-casein. 
When heating (110 °C for 6 or 12 h) β-casein in a model system, covalent aggregation has only been 
found in the presence of glucose (Pellegrino et al., 1999). The study also showed that lysinoalanine, 
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lysylpyrraline and pentosidine were not responsible for the observed Maillard reaction-dependent 
cross-links. Formation of disulphide-linked complexes of milk proteins after heating to 90 °C have 
been noted through reducing/non-reducing 2-DE (Chevalier et al., 2009). Protein-specific distribution 
of a commonly studied Maillard adduct, CML, has been monitored in milk proteome after heat 
treatment and in commercial products by Meyer et al. (2011) with a 1-DE and 2-DE followed by CML-
targeted Western blot, whose specificity and efficiency were confirmed by a model system, in which 
the CML was quantified using total enzymatic protein hydrolysis and LC-MS/MS. Higher heating 
temperature (120 °C) was clearly more effective in generating this modification in raw milk than 
heating at 72 °C. Heating the raw milk at 120 °C for 60 min resulted in the formation of the high 
molecular mass aggregates accompanied by a loss of intensity of all protein fractions. Moreover, the 
aggregates were particularly modified by the Maillard reaction.   
Milk protein concentrate stored at 35 °C and 44% relative humidity for 10 weeks has been found to 
contain high molecular weight, cross-linked protein using 2-DE (Le et al., 2013). To find out the 
underlying mechanism via model experiments, the authors incubated the milk protein concentrate 
with methylglyoxal at 37 °C for one day and found the gel pattern was similar to that of the stored 
milk protein concentrate. In both cases, the use of MALDI-TOF-MS allowed the identities of the cross-
linked proteins to be discovered. The results between the two samples were consistent yet no cross-
linked peptides were detected. It was speculated that the relative abundance of the cross-linked 
peptides was low, in addition to the involvement of lysine residues in cross-linking (Le et al., 2013). 
Arena et al. (2011), using phenylboronate chromatography to selectively trap tryptic lactosylated 
peptides followed by LC-MS/MS analysis with electron transfer dissociation (ETD), identified 310 
unique lactosylation sites present within the 56 modified proteins characterised in pasteurised, ultra-
high temperature and powdered for infant nutrition cow milk samples. Besides the glycation 
products, oxidative modifications have also been studied in heated milk. By derivatising the carbonyl 
groups in defatted milk proteins in sample buffer with 2,4-dinitrophenylhydrazine (DNPH), separating 
the samples with SDS-PAGE followed by Western blot targeting the resulting hydrazones, Meyer et 
al. (2012) demonstrated protein-specific distribution of oxidation products.  
Recently, various different non-enzymatic side-chain modifications, including both Maillard and non-
Maillard modifications, have been characterised by Meltretter et al. (2013, 2014) and Wada & 
Lönnerdal (2014b) in thermally processed milk. In Meltretter et al. (2013), the authors first mapped 
multiple possible modifications on β-lactoglobulin heated in a model system using LC-MS/MS. The 
MS data were subsequently used to develop a very sensitive multiple reaction monitoring method 
for different milk products. Building on the method and understanding developed, the authors 
subsequently monitored the site-specific reaction kinetics of the β-lactoglobulin modifications during 
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thermal treatment of raw milk and also semi-quantified the modifications in commercially available 
dairy samples to confirm the industrial relevance of the results (Meltretter et al., 2014). The purpose 
was to investigate whether the previously identified modifications were indeed caused by thermal 
processes or by other mechanisms. Several good markers for heat treatments, e.g., CML and N-
terminal ketoamide for more intensive heat treatment, were found. On the other hand, several weak 
markers and the modifications of non-thermal origin were also identified. In Wada & Lönnerdal 
(2014b), site-specific protein modifications in milk subjected to different industrial heating processes 
were characterised by LC-MS/MS after 1D-PAGE separation of the milk protein. This study also 
evaluated the effects of the heating processes on in vitro and in vivo (using suckling rat pup) 
digestibility.  
Very recently, a study utilising shotgun proteomic procedures with ETD reported the characterisation 
of a wide range of Maillard reaction products in the soluble and milk fat globule fractions of different 
types of thermally processed milk samples (Renzone et al., 2015). The protein modifications included 
lactosylation of lysine and the intermediate and advanced glycol-oxidation derivatives (including the 
cross-links) associated with 169 non-redundant sites. The number of lactosylation sites and that of 
the (non-redundant) non-lactosylated, modified peptide IDs increased with harder processing 
conditions. Notably, the detection of intermediate and advanced glycation end products-containing 
peptides in the different fractions was found to well parallel with the simultaneous identification of 
the corresponding lactosylated peptides in the same sample or in milk samples subjected to softer 
processing conditions. The findings from this study confirmed that the readily modifiable lysine 
residues firstly react with the most abundant sugar present in milk, namely lactose, to form the 
corresponding Amadori compounds. These early glycation products are then further modified to 
generate the intermediate and advanced glycation counterparts (Renzone et al., 2015). 
Other examples on this topic include the studies done by Scaloni et al. (2002), Fenaille et al. (2005), 
Meltretter et al. (2008), Holland et al. (2012).  
2.4.2 Dietary plant proteins 
The extent of protein deamidation in wheat flour has been found to positively correlate with 
temperature increase (Izzo et al., 1993). Three possible types of covalent cross-links have been 
observed in gliadin (the monomeric fraction of gluten containing no free sulphhydryl groups) heated 
for 120 min at 130 °C at pH 8.0 due to β-elimination from cystine, which in turn forms 
dehydroalanine and cysteine: 1) thiol-disulphide interchange; 2) intermolecular S-S bond formation 
or 3) lanthionine (Rombouts et al., 2010). Another type of cross-link, the isopeptide bond ε-(γ-
glutamyl)lysine, has been identified in heat-treated (130 °C) freeze-dried model peptides that contain 
sequences naturally occurring in high molecular weight glutenin subunits using LC-MS/MS with both 
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collision induced dissociation (CID) and electron transfer dissociation (Rombouts et al., 2011). Such 
cross-link may be responsible for the extractability loss of the cysteine-alkylated high molecular 
weight glutenin subunits (Rombouts et al., 2011). Formation of acrylamide, a well-known alkylating 
reagent for proteins, is more pronounced in certain plant derived foods including cereals upon heat 
processing (Friedman, 2003; Keramat et al., 2011). This is largely through reactions between the 
amino group of the free asparagine and the carbonyl groups of reducing sugars like glucose 
(Friedman, 2003; Zyzak et al., 2003).  
Five protein-bound Maillard reaction products, CML, CEL, pyralline (Pyr), argpyrimidine (Arg-p) and 
pentosidine (Pento-s), in addition to their free forms, have been determined in raw and roasted 
almonds using enzymatic or acid hydrolysis followed by LC-MS/MS (Zhang et al., 2011). In this study, 
higher quantities of free and bound CML, CEL have been found in the samples roasted in various 
conditions whereas pyralline was only found in the roasting treatment samples; argpyrimidine and 
pentosidine were below the limit of detection in all the samples tested (Zhang et al., 2011). Tryptic 
digests of a clinically significant protein allergen (Ara h 1) purified from raw and roasted peanut has 
been shown to exhibit change in the relative distributions and intensity of peptides; significant 
reduction in the detection of predicted trypsin cleavage products from the roasted Ara h 1 was 
observed (Nesbit et al., 2012). This was thought to be caused by processing-induced chemical 
modifications, e.g., protein glycation (Chassaigne et al., 2007; Nesbit et al., 2012).  
In a more recent study, proteomic screening of three Maillard reaction products (CML, CEL and Pyr) 
was conducted on the whole urea-amidosulfobetaine-14-based protein extract of roasted peanuts 
(Hebling et al., 2013). In the first instance, the study used SDS-PAGE to demonstrate the formation of 
high molecular weight complexes upon roasting and the reduction in protein extractability as the 
extent of roasting increased. The gel-free proteomic analysis of the whole peanut protein lysates 
confirmed the presence of the three above-mentioned Maillard reaction products in the roasted 
peanuts. The modified peptides of interest were the most abundant in the light roast sample with 
decreasing intensity at longer roasting time and were absent in the raw sample (Hebling et al., 2013). 
Also, the authors noticed modified peptide carrying Pyr tended to generate many more fragment 
ions with a water loss compared with those of the unmodified peptide (the same amino acid 
sequence). 
Another recent study on peanut allergens have also employed proteomic approaches (GeLC-MS/MS 
and 2D-LC-MS/MS) to map some arginine and lysine Maillard reaction products (Mueller et al., 2013). 
CML was found in the major allergens Ara h 1 and Ara h 3 from both raw and roasted peanuts but 
more modified peptides were found in Ara h1 of the roasted sample. 
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Other examples on this topic include the studies done by Chassaigne et al. (2007). 
2.4.3 Others 
Grosvenor et al. (2011), using reverse phase liquid chromatography (RP-LC)/MALDI-TOF/TOF, have 
identified and located deamidation of asparagines and glutamine, several tryptophan oxidation 
products, single oxidation of tyrosine and histidine in wool intermediate filament proteins (dissolved 
in 0.05 M sodium tetraborate buffer, pH 8.5) hydrothermally treated at 90 °C. The findings from this 
study indicate that heating alone is sufficient to generate reactive oxygen species such as hydroxyl 
radical and singlet oxygen in solutions containing complex biological molecules (Grosvenor et al., 
2011). Proteomic evaluation of glutamine and asparagine deamidation in sheep wool has also been 
conducted recently in the context of archaeological textiles (Solazzo et al., 2013). With regard to 
hydrothermal aging, deamidation was found to be significantly accelerated with temperature and 
occur at different speeds between peptides. Also, at constant temperature, a steady increase in 
deamidation with time of hydrothermal aging was observed (Solazzo et al., 2013). Hydrothermal 
aging can also increase the number of semi-tryptic peptides (they are so called as one of their 
terminals was not cleaved according to the specificity of trypsin) through hydrolysis of polypeptide 
chains prior to trypsin digestion for MS analysis (Solazzo et al., 2013).  
Rombouts et al. (2012) investigated protein cross-links and degradation of wheat gluten and bovine 
serum albumin (BSA), as well as their mixtures, following heating in slightly alkaline (pH 8.0) 
conditions. It was found the extractability of BSA in non-reducing SDS solution was unaffected after 
heating at 50 °C for 2 h but it decreased dramatically with heating at 70 °C and higher (up to 130 °C 
studied). In contrast, gluten extractability dropped after 50 °C heating and the extent of decrease 
was greater at higher temperature. Gluten, but not BSA, was degraded after cooking at 130 °C for 
more than 15 min. This observation was attributed to the structural differences between gluten and 
BSA. The former has a less compact structure, higher proline and hydroxyproline content but much 
lower levels of disulphide bonds (Rombouts et al., 2012). In this study, heating at 130 °C induced 
dropping in disulphide bond level, accompanied by increased levels of dehydroalanine and the non-
reducible cross-links lanthionine and lysinoalanine.  
The effects of cooking of proteins on formation and degradation kinetics of arginine-derived AGEs 
have recently been simulated and studied in detail using model peptides incubated in 25 mmol/L of 
D-glucose at 95 °C at different concentrations of iron (II) and ascorbic acid (Frolov et al., 2014). It was 
found the peptides were relatively stable when heated under air atmosphere without sugars but 
when D-glucose was added, their degradation rate became significantly higher, including the 
formation of seven different AGEs. Within the first 15 min of incubation, high quantities of AGE-
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modified peptides were produced. Further, the formation rates and yields were strongly elevated in 
the presence of physiologically relevant concentrations of iron (II)-ions and ascorbic acid.   
2.5 Conclusions 
Skeletal muscle contains a highly organised yet complex array of proteinaceous components. Meat, 
derived from the skeletal muscle, has undergone many of biochemical changes during post mortem 
storage. One of the most remarkable ones is proteolytic degradation of the myofibrillar network. The 
unique protein-centric structure of meat and the structural diversity of meat protein, as reflected by 
their different solubility in aqueous solvents, make comprehensive characterisation of the effect of 
cooking on meat proteins a challenging but also interesting task. To achieve this goal one needs to 
take account of the three-dimensional structural change of meat protein mass, that of individual 
abundant proteins (more relevant in terms of the food matrix) and the structural change at the 
amino acid residue-level. 
So far, heat-induced meat protein modifications at the three-dimensional structural level have been 
reasonably well studied although much remains to be discovered due to the complexity of the meat 
structure per se and the different cooking conditions that may be involved. Protein aggregation and 
an increase in surface hydrophobicity are important features of cooked meat. Many studies have also 
been conducted on the effect of heating at the amino acid residue-level. Protein oxidation, Maillard 
reaction and protein fragmentation have all been observed in cooked meat. A number of these 
studies have proceeded to characterise the exact chemical structure of the modifications. Given the 
wide range of potential amino acid residue-level modifications that could occur during cooking, more 
research efforts will be required to search and pinpoint them. The related research findings on other 
foods including milk and several plant materials as well as that on textile proteins may provide useful 
knowledge to approach this goal. 
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Chapter 3 
Proteomic approach to evaluate the amino acid residue-level meat 
modifications 
3.1 Introduction 
Biochemical assessment of meat quality has typically been performed at a holistic level. For example, 
the 2,4-dinitrophenylhydrazine (DNPH) method modified from Oliver et al. (1987) measures the total 
carbonyl content (Estévez, 2011) and the thiobarbituric acid reactive substances (TBARS) methods 
measures total lipid oxidation (e.g., Gatellier et al., 2009b; Roldan et al., 2014). Techniques that 
measure certain specific types of protein side-chain modifications in meat, such as that for the 
specific protein carbonyls, α-aminoadipic and γ-glutamic semialdehydes (Utrera et al., 2011) and that 
for the AGEs, CML and CEL (Sun et al., 2015) have also been reported. Application of these 
approaches has shed some insight into the effect of heating on protein modifications in meat, as 
demonstrated by the studies discussed/reported in Section 2.3. On the other hand, these techniques 
used for examining protein modifications globally do not readily identify the modified proteins or the 
potential residue sites of modifications, particularly in the case of a complex protein mixture like a 
crude meat protein extract. Therefore, an advanced molecular approach capable of acquiring such 
information is also required to further understand the chemistry of cooking on meat thus ultimately 
allowing better control of meat processing. This is why an MS-based proteomic approach was chosen 
for this project. 
Please note that this chapter provides some supplementary description of methodology not 
described in detail in the experimental chapters, rather than a comprehensive account of all the 
methods. It comprises three parts: sample treatment, collecting proteomic data and data analysis. 
3.2 Sample treatment 
For the work described in Chapter 4, no sample treatment was required for the purpose of 
characterising the lamb meat proteome. The protein extractions were performed on samples taken 
directly from frozen lamb meat using a razor blade. In the cooking experiments (Chapter 5 and 6), 
minced meat was used and the mincing procedure is given in Chapter 5. The cooking methods, 
boiling and roasting, are given in Chapter 5 and 6, respectively. 
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3.2.1 Samples 
LTL was the chosen muscle type because of its frequent use in meat research and its commercial 
importance ("Recommended terminology for the muscle commonly designated ‘longissimus dorsi’," 
1990). The Coopworth breed chosen was a New Zealand-developed dual-purpose breed, with equal 
emphasis on meat and wool (Meadows, 2008). It is widespread throughout New Zealand on lowlands 
and improved hill (Meadows, 2008) country and currently making up around 7% of the total New 
Zealand sheep flock ("Compendium of New Zealand Farm Facts," 2014). Minced meat was used for 
all the cooking experiments so sample pooling and higher sample homogeneity were achieved since 
regional micro-structure and biochemical differences may exist even within the same muscle (Lösel 
et al., 2011).  
3.2.2 Meat boiling 
The objective was a cooking method that rapidly raised the water temperature to the boiling point 
(less than 5 min) in an open system to avoid increased pressure while minimising water loss and 
allowing the cooking water temperature to be monitored throughout the cooking. A small sample 
size of mince (0.6 ± 0.09 g wet weight) was used to ensure the meat was thoroughly cooked and the 
bulk of meat surrounded by water during the whole cooking period could be taken for protein 
extraction. This avoided the need for sub-sampling and decreased potential bias. After several trials 
for method optimisation (e.g., adjusting the meat to water ratio so there was enough water to be in 
contact with the tip of the thermometer probe but not too much as to rush into the condenser 
during boiling), a cooking method modified from that of Deb-Choudhury et al. (2014) was finally 
established to meet all the above requirements (Section 5.3.3; Fig. 3.1; Fig. 5.2).  
3.2.3 Meat roasting 
Here, the meat was cooked by oven roasting without additional moisture input. However, as air has a 
lower specific heat than water (Bejerholm et al., 2014) and a high temperature (195 ± 5 °C) was 
involved, the temperature gradient across the meat can become extensive depending on the size 
and/or the shape of the meat. Since we were interested in the high temperature aspect of roasting, a 
thin patty made from 0.6 ± 0.01 g (wet weight) of mince (Fig. 3.2; Fig. 6.1) was used to minimise this 
effect (Section 6.3.3). In this case, the bulk of the patty can be taken for protein extraction which 
avoided the need for sub-sampling. A maximum roasting time of 10 min was chosen because the 
SDS-PAGE results from the preliminary trial showed the meat at 20 min roasting had almost lost all 
extractability in the urea-thiourea solution whereas at 10 min a few distinct smeared bands still 
remained. 
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Fig. 3.1. The vessels of the boiling cooking setup for this project. The left and right panels: the mince 
in water prior to cooking and during cooking, respectively. 
 
 
Fig. 3.2. One of the 10 min roasting replicates. The upper and lower panels: the mince patty prior to 
cooking and after cooking, respectively. The black marks were drawn on the flask outer surface. 
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3.3? Collecting proteomic data 
For the research described in this thesis, the basic workflows are summarised in Fig. 3.3. Briefly, 
protein was extracted from meat samples in an extraction solution whose composition differed 
depending on the specific experiment. After centrifugation, the supernatant was collected and 
separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). This allows 
visualisation of the protein profile in terms of Mr and reduces sample complexity for follow-up 
analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Workflow of the proteomic data acquisition approach used. 
A protein lane was divided into multiple sections followed by in-gel trypsin digestion. Protein in each 
gel section was digested with trypsin. Sample from each gel section, now in the form of tryptic 
peptides, was individually separated by one dimensional (1D) reverse phase (RP) ultra-high 
performance liquid chromatography (UHPLC) coupled to an ion-trap mass spectrometer that carried 
out MS/MS analysis. This hybrid workflow combining 1-DE protein separation and LC-MS/MS is often 
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called “GeLC-MS/MS”. Hereafter in this thesis it will be simply referred to as “GeLC”. The meat 
residue remaining after centrifugation was washed, dried and then subjected to in-solution trypsin 
digestion. Cooking water from the meat boiling experiments was also analysed. The sample 
preparation steps were slightly different from those mentioned above. They will be described in 
Section 5.3. Protein digests from both cooking water and meat residue samples were analysed by 1D 
RP-LC-MS/MS. Collectively, any protein analysis based on the analysis of peptides released from a 
mixture of proteins through proteolysis can be called “shotgun proteomics” (Zhang et al., 2013), a 
term coined by the Yates lab (Yates, 1998) on account of its analogy to shotgun genomic sequencing. 
3.3.1 Protein extraction  
To assist protein extraction from meat, a hand-held, drill-type homogeniser consisting of a serrated 
pestle (Fig. 3.4) attached to a drill (Fig. 3.5) was employed throughout this project. The homogeniser 
was used in conjunction with a customised glass tube, which has a ground inner surface and fits well 
with the pestle. This set-up is suitable for soft tissue homogenisation and is less prone to sample 
heating when operating at lower speed. The roasted meat samples that exhibited harder texture 
(and the corresponding control) were ground in liquid nitrogen before being treated with the 
homogeniser.  
 
Fig. 3.4. The serrated pestle. 
Typically, skeletal muscle proteins were grouped based on their solubility in salt solution as 
previously mentioned (Section 2.1.2). In this research, rather than using a salt solution, we employed 
SDS to extract the myofibrillar proteins for the proteome characterisation study (Chapter 4) and the 
chemical denaturants urea and thiourea to extract proteins from cooked meat. The advantage is that 
a desalting step or protein precipitation is circumvented thus preventing potential protein loss. 
Indeed, by using these chemicals we could extract proteins other than those of myofibril origin but 
this does not matter for this project because we did not strictly focus on myofibrillar proteins. 
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Fig. 3.6. SDS-PAGE profile of the preliminary meat boiling treatment samples using the urea-thiourea 
solution for protein extraction. Prior to the loading on a 4-20% T gel, 1.5 parts of the 5% SDS sample 
buffer (Section 5.3.5) was mixed with one part of a sample with shaking (1 h, 30oC). The staining 
method was based on Candiano et al. (2004). 
For the cooking studies, meat was directly extracted in the urea-thiourea solution (Section 5.3.4) 
using the homogeniser rather than initially separating the sarcoplasmic (water soluble) and 
myofibrillar fractions as performed in the proteome characterisation study (Chapter 4) because the 
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literature has shown that cooking can dramatically reduce meat protein extractability in the aqueous 
solution with low ionic strength (reviewed in Section 2.3.2). The urea-thiourea solution was chosen 
because: 1) the chaotropes appeared to be effective for protein extraction from cooked meat (Deb-
Choudhury et al., 2014; Sentandreu et al., 2010) and roasted peanuts (Hebling et al., 2013) in 
previous studies; 2) our preliminary trial results on supermarket lamb meat indicated that the 
solution seemed to display satisfactory extraction efficiency on the boiling treatment samples – both 
higher and lower Mr bands/smears were visible in the 1-DE gel (Fig. 3.6). 
3.3.2 SDS-PAGE and image analysis 
The Bio-Rad CriterionTM electrophoresis system employed here is based on Laemmli (1970). A 4-20% 
T gel was chosen because it separates both high and low Mr bands. In the cooking studies, the 
staining of the preparative gels for GeLC used an organic solvent-free protocol (Lawrence & Besir, 
2009) to prevent methylation of aspartic and glutamic acid residues. The relative band intensity of a 
gel lane was estimated using the “Plot Lanes”, “Wand (tracing) tool” and “Label Peaks” functions in 
ImageJ v1.45s (Rasband, National Institutes of Health, USA).  
3.3.3 In-gel and in-solution digestion 
Trypsin was the chosen protease because: 1) the cleavage specificity of trypsin is high; 2) cleaving C-
terminal to an arginine or lysine residue produces peptides with a highly basic residue at its C-
terminus in the preferred mass range for effective MS/MS – this generally results in informative high 
mass y-ion series which make interpretation of MS/MS spectra more easily (Olsen et al., 2004); 3) it is 
one of the most commonly used (standard) proteases for a proteomic experiment. The in-gel and in-
solution trypsin digestion protocols used here were based on AgResearch in-house methods.  
3.3.4 LC-MS/MS analysis 
Each tryptic digest (peptides) sample was separated by the RP-UHPLC and peptides starting from the 
least hydrophobic ones were eluted into the ion trap mass spectrometer via an ESI source in a 
continuous manner. In the ESI source, a high electric potential was placed on the liquid flowing from 
the LC column through a needle to turn it into spray, which contained fine droplets encompassing 
the analytes (Cravatt et al., 2007). The solvent in the droplets evaporated rapidly (desolvation). 
During the desolvation, the peptides in the droplets picked up one, two or more protons (H+) from 
the solvent to form multiply, sometimes singly, charged ions (Zhang et al., 2010a). Since the peptides 
were eluted continuously from the LC in focused peaks, the mass spectrometer only had a limited 
time to detect and fragment them. Therefore, in this case only a specific number of peptides could 
be selected for analysis within a timeframe. 
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In the data-dependent acquisition mode operated here, the mass spectrometer firstly measures the 
mass to charge ratio (m/z) of the analytes, i.e., the precursor ions (Fig. 3.7; upper panels). Then the 
machine automatically selects a number (user-determined and instrumentation-dependent – the 
higher the number, the more data acquired but could be at the expense of the spectral quality; four 
were used in this project) of the precursor ions that met the quality requirement and exhibited the 
highest intensity and then isolated and accumulated each ion for tandem mass spectrometry 
(MS/MS) one by one (Bruker, 2011). In MS/MS, the energy of the selected precursor ion is increased 
by resonance excitation with the dipole field causing collision with the helium background gas 
(Bruker, 2011), resulting in fragmentation (i.e. collision-induced dissociation, CID) (Fig. 3.7; lower 
panels). The m/z of the fragment (product) ions is measured by the mass spectrometer and an 
MS/MS spectrum generated (illustrated by the peptide ion indicated with a white rectangle in the 
upper panel of Fig. 3.7) for subsequent sequence identification (Section 3.4). 
 
 
 
 
 
 
Fig. 3.7. An illustration of the LC-MS/MS workflow. Please refer to the text for more information 
(Section 3.3.4). Note, in the ion-trap mass spectrometer, both precursor ion isolation and MS/MS 
take place in the same mass analyser (the ion trap). In this diagram, the MS 1 (the first mass analyser), 
collision cell and MS 2 (the second mass analyser) concepts apply to the triple quadrupole and the 
quadruple-time of flight tandem mass spectrometers where CID and mass analysis are performed in 
different parts of the mass spectrometers. Nevertheless, the sequence of the major MS/MS data 
acquisition events were exactly the same, as shown in the diagram. One dimensional LC (LC), rather 
than multi-dimensional LC (LC/LC), was employed in this project. This diagram was taken from 
Cravatt et al. (2007). 
To avoid picking the same precursors (particularly those of high abundance) all the time, a period of 
exclusion for MS/MS (0.2 min) was implemented on a specific m/z once two subsequent MS/MS 
spectra for this m/z had been acquired.  
3.4 Data analysis 
In shotgun proteomics, sequence identification from the MS/MS spectra was largely assisted by the 
use of specialised software in conjunction with protein sequence database(s) since the amount of 
“Material removed due to copyright compliance”  
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data acquired in such experiments is usually beyond what is feasible for pure manual deduction 
within a project’s timeframe. Typically, the experimental MS/MS spectra were matched against the 
theoretical MS/MS spectra generated by such software from a sequence database of choice 
according to the various user-specified input parameters such as the MS instrumentation set-up, 
protease used, precursor and product ion mass tolerance, potential protein modifications, etc, that 
are set to resemble the actual experimental set-up/conditions as much as practical. The software will 
then score the correlation quality for each peptide-spectrum match (PSM) (Brosch, 2009) and report 
the PSMs with a score above the threshold set by the user. Thus, the software does not tell the user 
if a PSM is correct or not but rather provides an indication of the PSM’s quality. The whole procedure 
is normally called “database search”. For a comprehensive review regarding these computational 
approaches, see Nesvizhskii (2010). Throughout this project, the database search platform employed 
was the in-house Mascot server v2.4 (http://www.matrixscience.com/). Database searches were 
carried out using the “MS/MS ion search” option via ProteinScape v3.1.0 (a proteomic data 
repository/bioinformatic software from Bruker) and will be simply referred to as “Mascot searches” 
hereafter in this thesis. Mascot is a commonly used database search programme (Zhang et al., 2013). 
The question that immediately arises when one receives a reported list of PSMs is “what’s the chance 
of getting incorrect matches?” This question refers to the false discovery rate (FDR), a measure of the 
percentage of false positives in the accepted PSM list (Wang et al., 2008) in the context of peptide 
identification (peptide ID). FDR is commonly estimated by a target-decoy database search, as in the 
case of this project. In this approach, experimental spectra are searched against the standard 
sequence database (the target) and a decoy database comprised of reversed, randomised or shuffled 
amino acid sequences (Brosch, 2009). The number of PSMs above a given score threshold from the 
decoy database is used to estimate false positives in the target database under the assumption that 
an equal probability of incorrect PSMs from the target or the decoy database (Wang et al., 2008). In 
this case, the (estimated) FDR is defined as the number of PSMs from decoy sequences divided by 
the number of PSMs from target sequences. However, a weakness of this FDR estimation approach is 
that it may not give an accurate estimate in the cases of small MS/MS datasets (Gupta et al., 2011). 
This is why the datasets were merged for Mascot searching when the FDR estimation was required, 
as described in the experimental chapters.  
FDR estimation based on target-decoy database search has been commonly used to validate 
database search results, e.g., by adjusting the score threshold to achieve a desired estimated FDR, a 
user can choose to accept a protein as confidently identified by Mascot if it is mapped by a specific 
number PSMs that have a Mascot ion score above the threshold. In addition, results from a target-
decoy search can be utilised by the machine learning algorithm Percolator v1.14 (Käll et al., 2007) to 
compute a spectrum specific statistical confidence measure (Brosch, 2009; Nesvizhskii, 2010) and 
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improve the discrimination performance between correct and incorrect PSMs (Brosch, 2009). This 
post-processing software has been implemented in the Mascot algorithm (Brosch et al., 2009) and 
was applied to validate PSMs when reporting a confident list of protein identifications in this project. 
There are other post-processing tools available (Nesvizhskii, 2010) which were not used in this 
research. 
3.4.1 Characterisation of lamb meat proteome from longissimus lumborum  
Augmenting the sheep protein sequence database for Mascot searching (Section 4.3.8.1), protein 
identification (Section 4.3.8.1) and function prediction of the identified proteins (Section 4.3.8.2) 
were the key data analysis events in this study. The purpose of the database augmentation was to 
provide more potential non-redundant protein sequences for the subsequent protein identification. 
To obtain a confidence list of the protein identifications, the database searches were performed on 
the merged MS/MS datasets according to the protein fractions (refer to Chapter 4) to provide larger 
sample sizes for the estimation of FDR and PSM validation by the Mascot Percolator. When the 
protein list was acquired, a sequence-based inference approach was undertaken to predict the 
functions of these proteins because most of them had very limited or no function annotation at the 
time the study was carried out as the OAR v3 had just come out. The concept behind this was to infer 
the function annotation of sequence-wise similar proteins from other species to those identified in 
the sheep longissimus lumborum samples. The whole data analysis procedure is given in details in 
Section 4.3.8. 
3.4.2 Mapping protein modifiation using Mascot search followed by manual 
evaluation in the cooking studies 
The rationale behind MS-based protein modification mapping is that the presence of potential 
modification can be indicated by the mass difference between a modified peptide and its unmodified 
counterpart whereas an MS/MS spectrum of high quality can map the position of the modified 
residue. The concept of the data analysis strategy employed here was to perform Mascot searches to 
obtain candidate PSMs with a potentially heat-induced modification and then filter out the false 
positives through manual evaluation. The details about the methods used were given in the Data 
analysis sections of the cooking chapters (Section 5.3.9 and 6.3.8).  
In contrast to what is reported in Chapter 4, un-merged datasets (each corresponding to a single LC-
MS/MS run) were used in the major part of the data analysis in the cooking studies because it is 
easier to track down a peptide ID of interest at individual LC-MS/MS run level if required. Since 
estimation of FDR using target-decoy approach may not be sound when a dataset contains less than 
a few thousands of MS/MS spectra, as could happen in some LC-MS/MS runs, a Mascot ion score 
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threshold of 40 was chosen rather than applying Mascot Percolator (which requires a target-decoy 
database search in order to work) when working with un-merged datasets. In our experience, a PSM 
with a score higher than 40 is usually good enough to justify the identification with certainty, at least, 
for an unmodified peptide. As for the PSMs of the potential modified peptides of interest, manual 
evaluation was applied (Section 5.3.9.3) so the FDR issue would be resolved. 
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Chapter 4 
In-depth characterisation of the lamb meat proteome from 
longissimus lumborum  
4.1 Abstract 
Lamb is one of the major red meats consumed globally, both as a key component in the diet of some 
countries, and as a niche meat product in others. Despite this relatively wide consumption, an in-
depth description of the global protein composition of lamb has not been reported. In this study, we 
investigated the proteome of the 48 h post mortem lamb longissimus lumborum through separation 
of the samples into sarcoplasmic, myofibrillar and insoluble fractions, followed by an in-depth 
shotgun proteomic evaluation and bioinformatic analysis. As a result, 388 ovine-specific proteins 
were identified and characterised. The 207 proteins found in the sarcoplasmic fraction were 
dominated by glycolytic enzymes and mitochondrial proteins. This fraction also contained several 
sarcomeric proteins, e.g., myosin light chains and titin. Some of them might be degradation products 
from post mortem proteolysis. Actin, myosin and tropomyosin were abundant in the myofibrillar 
fraction while nebulin and titin were also present. Collagen type I, III and IV were found in the 
insoluble fraction but there were also sequences from myosin and titin. The present study also 
confirmed the existence of, at least, 300 predicted protein sequences obtained from the latest issue 
of the sheep genome (version 3) with high confidence. 
Keywords: sheep, lamb, muscle, meat, proteomics 
4.2 Introduction 
Protein is a key component of meat and a critical determinant of its structure, nutritional value (Bax 
et al., 2013b) and texture (Xiong, 2014). Moreover, specific proteins are involved in the post mortem 
processes responsible for quality aspects of meat such as tenderness (Morton et al., 1999) and colour 
(Joseph et al., 2012; Sayd et al., 2006).  
In recent years, studying meat or skeletal muscle proteins from a global view, i.e., by proteomic 
approaches, has become popular in the domain of meat science (Hollung et al., 2007; Montowska & 
Pospiech, 2013), especially for cattle and pigs. Proteomic information can help elucidate the complex 
molecular events that underlie skeletal muscle growth (Picard et al., 2010), muscle-to-meat 
conversion (Bendixen, 2005; D'Alessandro & Zolla, 2013; Paredi et al., 2012; Polati et al., 2012; Wu et 
al., 2014a), meat quality variation (D'Alessandro & Zolla, 2013; Mullen et al., 2006; Paredi et al., 
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2012) and the effects of meat processing (Montowska & Pospiech, 2013; Škrlep et al., 2011; Théron 
et al., 2011).  
Sheep meat is widely consumed around the world (GIRA, 2012) even though it is currently 
considered by some as a niche product in developed countries (Ledgard et al., 2011). To New 
Zealand, the economic significance of sheep meat is apparent: in the year ended June 2012, sheep 
meat alone made up almost half of the meat export revenue, equivalent to 5.9% of the country’s 
total export revenue ("Compendium of New Zealand Farm Facts," 2013). Notably, lamb meat takes 
up the majority of New Zealand’s sheepmeat export value, being approximately $1.5 billion Euros in 
year ended September 2012 ("Compendium of New Zealand Farm Facts," 2013). Despite being a 
major global meat source, only a few proteomic papers on sheep skeletal muscle have been 
published (Addis et al., 2009a; Addis et al., 2009b; de Almeida et al., 2012; Hamelin et al., 2007; 
Hamelin et al., 2006; McDonagh et al., 2006; Zhu et al., 2006) in contrast to other popular meat 
animal species (see the comprehensive reviews by Paredi et al. (2012) and (2013)). To the best of our 
knowledge, no in-depth study dedicated to describing the skeletal muscle/meat proteome of lambs 
has been reported to date. 
The final quality of meat is the result of variation in the genetics and environmental conditioning of 
the animal it is derived from and post mortem changes in the days following slaughter. Among the 
most important of these post mortem changes are the decline in pH and the extensive proteolysis of 
cytoskeletal proteins. Knowledge of the overall protein composition of skeletal muscle/meat is 
fundamental for better utilisation of meat beyond its traditional use. Information from the skeletal 
muscle/meat proteome can also serve as reference for proteomic studies on quality variation of raw 
meat or protein modifications induced by different processing conditions or techniques. 
Furthermore, during the process of proteome identification, valuable insight can be gained for 
method development of hypothesis-driven expression or post-translational modification studies. For 
example, a 2-DE protein map of the exudates of 1-day post mortem porcine LTL muscles with 89 
protein spots identified was established and used as a basis to discover differentially expressed 
proteins between phenotypes varying in water-holding capacity (Di Luca et al., 2013). In addition, for 
organisms whose genome sequences have not yet been fully annotated, large-scale protein 
characterisation provides experimental evidence for the existence of some proteins currently 
predicted from gene models, e.g., Santos et al. (2013). 
Protein maps or catalogues of the skeletal muscle have been generated for several vertebrate 
species such as human (Højlund et al., 2008; Parker et al., 2009), cattle (Bouley et al., 2004; Chaze et 
al., 2006; Talamo et al., 2003), pigs (Hakimov et al., 2009; Huang et al., 2011b), rabbits (Almeida et 
al., 2009; Liu et al., 2013), mice (Drexler et al., 2012; Geiger et al., 2013; Raddatz et al., 2008; 
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Rayavarapu et al., 2013) and cod (Gebriel et al., 2010). In this study, we aimed to characterise the 
proteome of lamb meat derived from longissimus lumborum muscle. The meat was sampled at 48 h 
after slaughter, when most of the physical and biochemical post mortem changes had occurred, and 
then separated into sarcoplasmic, myofibrillar and insoluble fractions. As a result, 388 lamb meat 
protein identifications were obtained and catalogued.  
4.3 Materials and methods 
Ammonium bicarbonate, bromophenol blue, dithiothreitol (DTT), glycerol, glass beads (anti-bumping 
granules) and tris(hydroxymethyl)aminomethane (Tris base) were from BDH (Poole Dorset, UK). 
Ethanol, methanol and sodium dodecyl sulphate (SDS) were from Fisher Scientific (Hampton, NH, 
USA). Acrylamide and Coomassie Brilliant Blue G-250 were from Bio-Rad (Hercules, CA, USA). Ortho-
phosphoric acid (85%), acetic acid and glycine were from Merck (Darmstadt, Germany). MilliQ water 
used for protein extraction and electrophoresis-related experiment was from Merck Millipore 
(Billerica, MA, USA). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and iodoacetamide were 
from Sigma (St. Louis, MO, USA). Sequencing grade modified porcine trypsin was from Promega 
(Madison, WI, USA). Acetone was from Acros Organics (Geel, Belgium). Formic acid was from Ajax 
Finechem (Taren Point, NSW, Australia) and Fluka (Buchs, Switzerland). LC-MS grade acetonitrile 
(ACN) and water were from both Fisher Scientific (Hampton, NH, USA) and Fluka (Buchs, 
Switzerland). The Fluka reagents mentioned above were used for LC-MS/MS gradient solvents 
preparation. All the organic solvents used were of HPLC grade unless otherwise indicated. The water 
and ACN used for in-gel digestion and MS analysis were of LC-MS grade. Water was used as solvent 
unless otherwise indicated. 
4.3.1 Animals 
In January 2011, pasture-fed Coopworth lambs (n = 5) from the Lincoln University (Canterbury, New 
Zealand) flock were slaughtered at approximately 12 weeks of age with the standard captive bolt 
stunning procedure followed by exsanguination. The carcasses were hung at room temperature for 1 
h (to allow the muscles to relax) and then stored in the chiller at 8-10 °C until sampling. The average 
meat pH after two days of storage was 5.61 (± 0.13 standard deviation). Meat pH can influence the 
structural properties of meat proteins and is specific to a given study so it should be taken into 
account. Samples were taken at 48 h post mortem from the longissimus lumborum muscle and kept 
at -20 °C until analysis. 
4.3.2 Sarcoplasmic protein extraction 
Lamb meat samples of approximately equal weights from five individuals were pooled (around 0.5 g 
in total) and ground under liquid nitrogen. Sarcoplasmic proteins were extracted from the meat 
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powder in 40 mM Tris-Cl (pH 7.6) containing a protease inhibitor cocktail (CompleteTM from Roche 
Diagnostics GmbH, Mannheim, Germany; one tablet/9 mL of the Tris-Cl buffer), at a meat-to-buffer 
ratio of 1:8 (w/v), using a hand-held, drill-type homogeniser over ice for 1 min. Homogenate was 
centrifuged (17,810 xg; 20 min; 4 °C). The supernatant, referred to as the “sarcoplasmic fraction”, 
was stored at -80 °C until analysis. The protein concentration of the fraction was estimated using a 
2D-Quant kit (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). 
4.3.3 Myofibrillar protein extraction  
Around 0.4 g of the pooled meat samples was pulverised and homogenised as described in Section 
4.3.2 but using a 1:16 meat-to-Tris buffer ratio (w/v). Homogenate (1.2 mL) aliquots were centrifuged 
as previously described. After removing the supernatant, the remaining crude pellet was extracted by 
shaking vigorously on a reciprocal shaker at room temperature with glass beads in 1.8 mL of SDS-
PAGE sample buffer (62.5 mM Tris-Cl, 25% glycerol, 5% SDS, 0.0015% bromophenol blue, pH 6.8 and 
freshly added 350 mM DTT) for 16 h and then stored at -80 °C until use. To obtain the homogenate 
pellet, the mixture was centrifuged at 16,000 xg for 25 min at 15 °C. This supernatant was referred to 
as the “myofibrillar fraction.” The protein concentrations of each myofibrillar fraction were 
estimated using a 2D-Quant kit.  
4.3.4 SDS-PAGE 
The sarcoplasmic fraction was mixed with the SDS sample buffer at a ratio of 1:1 (v/v) and heated for 
5 min at 95 °C with mild shaking. The myofibrillar fraction was heated directly in the same way. 
Protein fractions were separated on two 4-20% T Criterion Tris-HCl precast gels (Bio-Rad) at a 
constant voltage of 200 V, 80 mA and 15 W until the bromophenol blue dye front was about to reach 
the bottom of the gel. For Gel 1, 90 µg of sarcoplasmic or 147 µg myofibrillar protein fraction was 
loaded on a lane of a gel. For Gel 2: 88 µg of sarcoplasmic or 135 µg myofibrillar protein fraction was 
loaded on a lane of a gel. After electrophoresis, fixation was carried out in 50% ethanol (v/v), 10% 
acetic acid (v/v) for 30 min followed by colloidal Coomassie staining (Candiano et al., 2004). Gels 
were destained with Kimwipes (Kimberly-Clark) in Milli-Q water under gentle shaking. High relative 
molecular mass (Mr) region in the myofibrillar fraction was separated via a second procedure on a 5% 
T Criterion Tris-HCl precast gel (Bio-Rad) with upper limits of voltage, current and power set to 200 V, 
5 mA and 1 W, respectively for 14 h. Fixing, staining and destaining were performed as described 
above. 
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4.3.5 In-gel trypsin digestion 
4.3.5.1   For sarcoplasmic and myofibrillar fractions separated by 4-20% T gels 
For Gel 1, 15 gel sections of approximately equal length (about 5 mm) were excised from each of four 
gel lanes (duplicate for both sarcoplasmic and myofibrillar fractions) (Fig. 4.1).  
 
Fig. 4.1. SDS-PAGE separation of lamb meat protein extracts on a 4-20% T gel. The marks on the right 
hand side of the image indicate the approximate position of the gel lanes sliced for proteomic 
analysis. 
For Gel 2, three gel sections of approximately equal length (about 4 mm) were excised from the low 
Mr region of each sarcoplasmic and myofibrillar fraction in duplicate (Fig. 4.2). Each gel section was 
split perpendicularly into two slices; one slice was used for a LC-MS/MS analysis whilst the other was 
stored at -80 °C as a back-up. In-gel digestion was performed based on Deb-Choudhury et al. (2010) 
with minor modifications. Briefly, each gel slice was diced into 1-2 mm x 1-2 mm pieces and 
destained. The gel pieces were briefly washed twice with ammonium bicarbonate solution after 
reduction and alkylation. After dehydrating with 100% ACN and drying in a vacuum-centrifuge 
(Labconco, Kansas City, MI, USA), each sample was digested with 150 or 200 ng of sequencing grade 
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trypsin (Promega, Madison, WI, USA) for 16 h. Tryptic digests were extracted subsequently with 10% 
ACN in 50 mM ammonium bicarbonate, 50% ACN/1% formic acid and finally 80% ACN. Pooled 
extracts for each sample were dried in the vacuum centrifuge and stored at -80 °C until further 
analysis. 
 
Fig. 4.2. The 4-20% T gel that was run for LC-MS/MS analysis of low Mr region of the gel. The marks 
on the left hand side of the photo indicate the approximate position of the gel lanes sliced for 
proteomic analysis. 
4.3.5.2   For myofibrillar fraction separated by 5% T gel 
The duplicate gel lanes of the myofibrillar fraction in the 5% T gel, spanning from the top of the gel to 
the myosin heavy chain region, were divided into 11 sections of approximately equal length (about 5 
mm) (Fig. 4.3). The in-gel digestion steps were the same as described in Section 4.3.5.1. 
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 4.3.6 In-solution trypsin digestion of the SDS-insoluble pellet 
Approximately 80 µL of the pellet homogenate (Section 4.3.3) was spun at 16,000 xg for 25 min at 
15oC. The supernatant was removed and the remaining pellet was washed with LC-MS grade water 
and centrifuged at 16,000 xg for 2 min at room temperature. This water wash was repeated, 
followed by two washes with acetone and one wash with methanol. The remaining pellet was air-
dried and kept at -20oC. Dry pellet was resuspended in 55 µL of 10 mM DTT in 8 M urea and 100 mM 
ammonium bicarbonate, pH 8 (Naba et al., 2012) in a sonication bath kept below 25 °C for 10 min. 
Five µL of 50 mM TCEP was added to the samples and shaken for 2 h at room temperature. Alkylation 
was conducted under shaking for 30 min in 25 mM iodoacetamide (Naba et al., 2012) at 25 °C in the 
dark. To quench the remaining iodoacetamide, TCEP was added to a final concentration of 12.5 mM 
with gently shaking at 25 °C for 1 h (modified from Dicker et al., 2010). For digestion, 3.3 µg of 
sequencing grade trypsin and 10% ACN in 50 mM ammonium bicarbonate were added to the sample 
to dilute the urea concentration to less than 1 M. Sample was shaken at 37 °C for 17 h, followed by 
Fig. 4.3. SDS-PAGE separation of the 
myofibrillar fraction across the high 
Mr region. The marks on the right 
hand side of the image indicate the 
approximate position of the gel lanes 
sliced for proteomic analysis. 
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an addition of 1.7 µg of the trypsin solution and 4 h of incubation at 37 °C (modified from Naba et al., 
2012). Insoluble materials were pelleted down by centrifugation at 16,000 xg at 4oC for 5 min. The 
supernatant was dried down in the vacuum centrifuge and stored at -20 °C until analysis.  
4.3.7 LC-MS/MS 
4.3.7.1   Gel samples 
Tryptic digests were re-suspended in 50 µL of 5% ACN in 0.1% formic acid and then further diluted 
with 0.1% formic acid as required. The final concentration of ACN for each sample was always kept 
≤2%. Stain intensity was quantified by ImageJ v1.45s (Rasband, National Institutes of Health, USA). 
Samples from very weakly stained gel sections were re-suspended in 40 µL (applied exclusively to the 
low Mr region gel slices of the 4-20% T Gel 2) or 50 µL of 0.1% formic acid. The reconstituted samples 
were spun down at 16,000 xg for 5 min at 4 °C and the supernatant was applied for LC-MS/MS. 
LC-MS/MS was carried out on a Bruker nano-Advance UHPLC (Bruker Daltonics, Bremen, Germany) 
coupled to a Bruker amaZon Speed ETD ion trap mass spectrometer. For a single LC-MS/MS run of 
each sample, 5 µL  was loaded on a C18 trap column (Capillary UHP trap Magic C18AQ, particle size 
3µm, pore size 200 Å, ID 300 µm, Bruker Michrom) at a flow rate of 10 µL/min. The trap column was 
switched in line with a reversed-phase analytical column (Bruker Michrom Magic C18AQ, particle size 
3 µm, pore size 200 Å, ID 0.1 mm, length 150 mm). The loading and desalting solvent used was the 
same as mobile phase A (0.1% formic acid). The reverse phase elution gradient was 0-45% mobile 
phase B (98% ACN/0.1% formic acid) in 45 min at a flow rate of 800 nL/min. Between runs, the 
column was reconditioned by increasing mobile phase B to 95% in 1 min, holding for 6 min and 
brought down to 0% B in 1 min. The column was equilibrated for 7.5 min in mobile phase A.  
Ions were analysed by the mass spectrometer in positive ion mode using automatic MS/MS data 
acquisition. The maximum ion accumulation time for the ion trap was set to 20.00 ms. Scan range 
was set to 310-1400 m/z. The absolute threshold for precursor ion selection was 100,000. Collision-
induced dissociation (CID) was used to fragment precursor ions. A maximum of four MS/MS spectra 
were acquired after each MS scan. Exclusion time for a precursor ion from further experiments was 
0.2 min when a maximum of two MS/MS spectra were acquired from that ion.  
4.3.7.2   In-solution digested sample 
Dried tryptic digest of the SDS-insoluble pellet was reconstituted in 80 µL of 2% ACN in 0.5% formic 
acid in a sonicating bath kept below 30 °C for 5 min. The sample was then cleaned using a 200 µL, 
C18 material StageTip (Thermo Scientific). The cleaning procedure was carried out according to the 
established protocol (Rappsilber et al., 2007) except more washing with 0.5% formic acid was applied 
after sample loading. After drying in a vacuum centrifuge, the sample was reconstituted in 50 µL of 
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2% ACN, 0.5% formic acid solution. For each LC-MS/MS run, 5 µL of the sample was used. Two LC 
gradients were used: 1) 0-45% mobile phase B in 60 min, 45-95% B in 1 min, held there for 10 min 
and brought down to 0% in 0.5 min at a flow rate of 500 nL/min; 2) 0-6% mobile phase B in 1 min, 6-
31% B in 50.5 min, 31-61% in 9.5 min, 61-95% B in 1 min, held there for 10 min and brought down to 
0% in 1 min at a flow rate of 500 nL/min. The column was equilibrated for 8.5 min in mobile phase A. 
The settings for MS and MS/MS were the same as described in Section 4.3.7.1. 
4.3.8 Data analysis 
4.3.8.1   Protein identification 
Mass spectra of each LC-MS/MS run were converted into a peak list (mgf format) using the 
DataAnalysis v4.0 software (Bruker Daltonics). Peak lists were separated into the following groups: 1) 
the sarcoplasmic fraction; 2) the myofibrillar fraction separated on the 4-20% T gels; 3) the 
myofibrillar fraction separated on the 5% T gel; and 4) the SDS-insoluble pellet, and merged by an in-
house programme into four mgf files (Table 4.1). These four MS/MS data sets (peak lists) were 
imported to the ProteinScape v3.1.0 proteomic data repository/bioinformatic software (Bruker 
Daltonics).  
Protein identification procedure was based on Clerens et al. (2010) with some modifications. For 
each of these mgf files, two types of sequence database searches were carried out against each of 
the two sequence databases: 1) a database of 23,220 protein sequences derived from BGI Shenzen-
predicted gene models of the sheep genome version 3 (Oar v3) (Archibald et al., 2010; see 
http://www.livestockgenomics.csiro.au/sheep/oar3.1.php for details) and 2) the NCBInr Ovis aries 
protein sequence database (December 17, 2012; 25926 sequences). The two types of sequence 
database searches were: 1) standard database search using a local Mascot server version 2.4; 2) the 
same Mascot algorithm implemented with Mascot Percolator using Percolator v1.14 (Brosch et al., 
2009; Käll et al., 2007).  
The search parameters for Mascot database searches without Mascot Percolator were: Enzyme 
specificity was set to semi-trypsin with up to two missed cleavages; for gel samples, Fixed 
modification was propionamide (C) and Variable modifications were deamidation (NQ), methylation 
(DE) and oxidation (M); for SDS-insoluble pellet sample, no Fixed modification was used whereas 
Variable modifications were carbamidomethyl (C), deamidation (NQ), hydroxylation (KP) (Parker et 
al., 2009) and oxidation (M); Monoisotopic; MS error tolerance, 0.3 Da; MS/MS error tolerance, 0.6 
Da. Each protein identification was required to have at least one peptide with a Mascot score greater 
than the Mascot Identity Score at a Significance Threshold of p <0.05. Peptide rank cut-off was set to 
three. Peptides with scores ≤25 or lengths below six residues were all rejected. A peptide decoy 
database (reverse sequences) search was performed for each search.  
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Table 4.1 Summary of the MS/MS datasets used for protein identification. 
Dataset/ 
experiment 
Sub-
fractions Replicates  
LC-analytical 
gradients (% 
mobile phase B) 
# LC-MS/MS 
runs 
# MS/MS 
spectra 
Sarcoplasmic 
fraction, 4-20% T 
gel 
15 2 
0% to 45% in 45 
min; 800 nL/min 
30 
18617 
Sarcoplasmic 
fraction, 4-20% T 
gel, low molecular 
mass region 
3 2 6 
Myofibrillar 
fraction, 4-20% T 
gel 
15 2 30 
26687 
Myofibrillar 
fraction, 4-20% T 
gel, low molecular 
mass region 
3 2 6 
Myofibrillar 
fraction, 5% T gel 11 2 22 9146 
SDS-insoluble pellet 1 
3 0% to 45% in 60 min; 500 nL/min 3 
12447 
3 
0% to 6% to 
31% to 61% in 
60 min; 500 
nL/min 
3 
      
 
Total #  
 
100 
 
66897 
 
The search parameters for the Mascot Percolator-post-processed Mascot search were the same as 
described above except: the Mascot Percolator option was activated; any protein identification was 
required to have at least one peptide with a posterior error probability (PEP, a peptide level 
significance measure expressed as the probability that the observed peptide-spectrum match (PSM) 
is incorrect (Käll et al., 2008) <0.05; Peptide Rank cut-off was set to 1; peptides with a PEP >0.05 or 
lengths below eight residues were all rejected.  
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Mascot search results obtained from the same search strategy against the same sequence database 
were compiled using the compilation function in ProteinScape. Compiled results were compared and 
only protein identifications found exclusively in the Oar v3 sequence database derived from the BGI 
Shenzen-predicted gene models were retained for sequence annotation and updating the in-house 
sequence database. All entries with an identifier/name corresponding to keratin, hornerin, trypsin or 
macroglobulin were excluded from further analysis. These Oar v3 protein sequences were searched 
against the public NCBInr using NCBI BLAST to find similar sequences (required ≥ 60% query 
coverage, > 70% max identity). One of the similar sequences, preferably from UniProtKB (Apweiler et 
al., 2012) or RefSeq protein sequence entries (Pruitt et al., 2012) that contain an accession # 
beginning with “NP”, i.e., “known protein” ( 
http://asia.ensembl.org/info/docs/genebuild/genome_annotation.html) if applicable as well as with 
higher sequence coverage and percent max identity, was chosen as a “representative sequence” to 
each protein sequence of interest for naming and retrieving Gene Ontology (GO) annotations if 
applicable. Multiple sequence alignment was conducted using ClustalW (Thompson et al., 1994) to 
assess sequence completeness. For the alignment setting, Gap Open Penalty was set to 10 whereas 
Gap Extension Penalty, 0.2. 
A meaningful name was then assigned to individual gene model identification based on the query 
coverage and max identity values of the “representative” sequences mentioned earlier in this section 
and the multiple sequence alignment results. The naming convention was described in Table 4.2 and 
Table 4.3.  
Table 4.2 Naming convention used to name the identified gene models. 
criterion  qualifier  
100% > percent identity >= 90%  homologue to (the name of the “representative sequence”) 
90% > percent identity >= 70%  similar to (the name of the “representative sequence”) 
percent identity < 70%  weakly similar to (the name of the “representative sequence”) 
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Table 4.3 Naming convention used to indicate (predicted) sequence completeness of the identified 
gene models. 
criterion  qualifier  
Neither truncation nor missing aa region(s) within 
a sequence  (nothing) 
Hard to resolve based on multiple sequence 
alignment. E.g., not-so-good overall alignment, 
good matching only on certain part(s) of the 
sequence  
tentatively partial 
Obvious truncation and/or missing aa region(s) 
within a sequence Partial 
 
Annotated protein sequences were curated using CD-HIT-2D (Fu et al., 2012; Li & Godzik, 2006) 
against the NCBI Ovis aries protein sequence database (August 27, 2013; 30,406 sequences). A local 
BLAST command line was used for curation, as shown below: 
cd-hit-2d -i NR_9940_27082013.fasta -i2 in_house_Oar_v3_082013.txt –o 
NR_vs_ih_local_70%id51%cov_S2_30000 -G 0 -c 0.7 -aS 0.51 -n 5 -S2 30000 
where the file name after –i was the NCBI ovine database and the file name after –i2 was the 
annotated candidate sequences described above. The file name after –o was the output sequence 
file which only retained the candidate sequences that exhibited less than 70% sequence identity with 
at least 51% alignment coverage for the shorter sequence. This choice was made to avoid taking 
potentially redundant sequences already exiting in the NCBI sequence database, which contained the 
protein sequences predicted from Oar v3 by the NCBI’s own pipeline 
(http://www.ncbi.nlm.nih.gov/genome/annotation_euk/process/). Description of the commands is 
referred to the CD-Hit User’s Guide (http://weizhong-lab.ucsd.edu/cd-hit/wiki/doku.php?id=cd-
hit_user_guide). Sequences that remained after curation were merged with the NCBI Ovis aries 
protein sequences (NCBI Taxonomy: 9940; Aug 27, 2013) and the in-house sheep protein sequences 
(Clerens et al., 2010) to create a combined database for the final Mascot search. These Oar v3 
sequences along with their corresponding representative sequences and their proposed names are 
listed in Supplementary data 4.1. 
The mgf files previously used for updating the in-house Ovis aries sequence database were searched 
against this updated combined database using the Mascot and post-processed with Mascot 
Percolator. Search parameters were identical to those of the Mascot Percolator-post-processed 
searches shown above except carbamidomethyl (N-terminus) was included in the Variable 
modifications for the in-solution digested sample. This Variable modification was included to assess 
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whether over-alkylation by iodoacetamide has taken place during the preparation of this sample. 
Nevertheless, the in-house database augmentation was not repeated for the sake of this additional 
Variable modification because we found the Mascot search results including the modification did not 
identify any new unique peptides that map to a novel protein sequence derived from BGI Shenzen-
predicted gene models for database update.   
The two sequence database search results of the myofibrillar fraction (4-20% T and 5% T gels) were 
combined by the ProteinExtractor algorithm, which was designed to define a minimal protein list that 
should contain only those proteins (and protein variants) that are distinguishable by the MS/MS data. 
Thus, three sets of search results corresponding to the three crude fractions: sarcoplasmic, 
myofibrillar and SDS-insoluble, were obtained. Proteins were accepted as being robustly identified 
and validated if each 1) contained at least one unique peptide identified with a PEP <0.01; or 2) 
contained at least two unique peptides with a PEP <0.05. A total minimal protein list was also 
compiled from all the fractions using ProteinExtractor and Microsoft Excel.  
Protein identifications of individual gel slices were based on non-Percolator Mascot searches because 
the Percolator works best if there are several thousand spectra, which was not applicable to the data 
sets of these individual slices. Protein identification results of individual gel slices and the search 
parameter were shown in Supplementary data 4.2. These results were used for discussing the gel 
profile but not for proteome characterisation that involved only the Percolator-post-processed 
results. 
4.3.8.2   Function prediction 
Whenever appropriate, a “representative sequence” from UniProtKB (UniProt Knowledgebase) was 
assigned to a protein identification based on NCBI BLAST search results via the UniProt ID mapping 
service (http://www.uniprot.org/mapping/) or the batch retrieval tool at the Protein Information 
Resource (PIR) (McGarvey et al., 2011; Wu et al., 2003). Only representative sequences that met the 
following criteria were used for function prediction: 1) for “molecular function” aspect, the query 
protein shall exhibit max bit scores >245, Expectation values (E-values) ≤1.0E-62 (Louie et al., 2009), 
query sequence coverage ≥60% and max identity >70% (Joshi & Xu, 2007); or query sequence 
coverage ≥75%, max identity >80% (Joshi & Xu, 2007) regardless of E-values and bit scores (for 
shorter sequences), compared to its corresponding representative sequence. For “cellular 
component” aspect, only the representative sequences to which the query proteins exhibited query 
coverage ≥75% and max identity > 80% were accepted (Joshi & Xu, 2007). Representative UniProtKB 
that met the criteria were submitted to QuickGO (Binns et al., 2009) for obtaining GO Slims 
associated to these entries and categorising the data retrieved. Hierarchical relationship between GO 
terms was resolved using SUPERFAMILY (Gough et al., 2001; Wilson et al., 2009; 
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http://supfam.cs.bris.ac.uk/SUPERFAMILY/cgi-bin/go.cgi). Protein identifications that did not have a 
UniProtKB representative sequence or did not map to any GO annotations of molecular function or 
cellular component aspect were submitted to InterProScan v4.8 (Goujon et al., 2010; Zdobnov & 
Apweiler, 2001) for function prediction instead. 
4.4 Results and discussion 
4.4.1 SDS-PAGE protein profile 
The protein profiles of the sarcoplasmic and the myofibrillar fractions on the 4-20% T gel are shown 
in Fig. 4.1. The other 4-20% T gel, from which the low Mr region gel slices were excised, is shown in 
Fig. 4.2. The two fractions exhibited distinct banding patterns that were different from each other. 
The difference in Mr distribution of abundant proteins between the two fractions was particularly 
apparent. Mass spectrometry analysis revealed that the abundant proteins found in the most 
intensely stained region of the sarcoplasmic fraction (Fig. 4.1, ~slices 10-11) included M-type 
creatine-kinase, mitochondrial malate dehydrogenase, L-lactate dehydrogenase A chain isoform 1 
and the glycolytic enzymes fructose-bisphosphate aldolase A isoform 1, glyceraldehyde-3-phosphate 
dehydrogenase, phosphoglycerate kinase 1, phosphoglycerate mutase 2 and beta-enolase. For the 
myofibrillar fraction, abundant proteins found in the heavily stained regions Fig. 4.1, ~slices 4-5; 
~slices 10-11) included different myosin heavy chain and actin isoforms as well as tropomyosin α and 
β chains. The patterns of the relatively intense bands were similar to the sarcoplasmic and 
myofibrillar fractions reported in 48 h post mortem porcine LTL muscle (Lametsch et al., 2011). 
Skeletal muscle is known to contain cytoskeletal proteins with high Mr such as titin and nebulin 
(Kontrogianni-Konstantopoulos et al., 2009). Therefore, we attempted to improve the resolution of 
the high Mr region (several hundred kDa) of myofibrillar fraction using a lower % T gel and apply LC-
MS/MS analysis to the region. As shown in Fig. 4.3, no defined high Mr bands were observed. The 
lack of a clear nebulin band in 48 h post mortem sheep LTL has been reported (Watanabe & Devine, 
1996). Out of the 22 gel slices from this gel, only 9146 MS/MS spectra were obtained (Table 4.1). This 
number of MS/MS spectra acquired was less than expected. Nevertheless, the standard Mascot 
search results (Supplementary data 4.2 – Supple_data_4-2-3) showed that titin (predicted molecular 
mass 3812.6 kDa) was mainly found in slices 1-4; nebulin (predicted molecular mass 772.7 kDa) was 
mainly found in slices 4-6 (Fig. 4.3) whereas filamin-C (predicted molecular mass 275 kDa) 
predominantly in slices 7-9 (Fig. 4.3); a peptide LDVTEPSVVFAK mapped to a high molecular mass 
protein similar to Obscurin isoform IC, partial (predicted molecular mass 892.2 kDa) was only 
identified in slices 1, 3 and 4 of one of the replicates with ion scores (not Mascot Percolator scores) 
of 61.62, 50.29 and 50.74, respectively. 
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4.4.2 Lamb meat proteins 
A total of 388 ovine-specific proteins were identified from the 48 h post mortem lamb longissimus 
lumborum samples through the use of shotgun proteomic approaches followed by the iterative 
protein identification process and PSM validation with Mascot Percolator. The number of proteins 
identified in each fraction is summarised in Fig. 4.4. Identified proteins and the identified peptides 
matched to them are presented in Supplementary data 4.3. 
 
Fig. 4.4. Number of proteins identified in the three crude fractions. A, sarcoplasmic fraction; B, 
myofibrillar fraction (containing both 4-20% T and 5% T gel samples); C, SDS-insoluble pellet. 
The theoretical Mr of the identified proteins ranged from 5.7 kDa (PREDICTED: pentatricopeptide 
repeat-containing protein 1, mitochondrial-like isoform 3) to more than 3000 kDa (PREDICTED: titin). 
Interestingly, a large protein “similar to Obscurin isoform IC, partial [Ovis aries: OARv3]” was 
identified in both the 4-20% T gel and 5% T SDS-PAGE samples but with only one and the same 
unique peptide sequence LDVTEPSVVFAK. Obscurin (~800 kDa) is a sarcomeric protein that interacts 
with titin (Young et al., 2001) and is known to determine the architecture of sarcoplasmic reticulum 
(Lange et al., 2009). A quarter of the total proteins (108 out of the 388 proteins) were identified by a 
single unique peptide at the level of individual fractions but all the matching peptides had a Mascot 
Percolator score >20.0 (i.e., PEP <0.01). Annotated spectra for these protein identifications are 
reported in Supplementary data 4.4. 
The GO Slims (http://www.ebi.ac.uk/QuickGO/GMultiTerm) annotation of the total protein list via 
representative sequences (Supplementary data 4.5) indicated that proteins from a broad range of 
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molecular function categories were found in the lamb meat (Fig. 4.5). A relatively larger proportion 
of the proteins was found to have functions relating to the GO terms protein binding, ion binding, 
nucleotide binding and/or oxidoreductase. These features are consistent with the nature of skeletal 
muscle as being a highly metabolically active tissue in an animal. With respect to subcellular 
localization, mitochondrion was the largest category, containing around one quarter of the proteins, 
followed by cytosol, nucleus and cytoskeleton (Fig. 4.6). Details of GO annotations for the 
representative sequences are given in Supplementary data 4.6, 4.7, 4.8 and 4.9. 
 
Fig. 4.5. Comparison between the molecular function GO Slim assignments of the total protein 
identifications and that of the sarcoplasmic fraction. 
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 Fig. 4.6. Comparison between the cellular component GO Slim assignments of the total protein 
identifications and that of the sarcoplasmic fraction. 
Out of the 388 proteins, 39 remained unassigned with molecular function and/or cellular component 
annotations. These proteins were separately analysed with InterProScan, a publicly available tool 
that evaluates a given protein sequence for protein signatures (e.g., protein domain families) of a 
collection of signature databases (Zdobnov & Apweiler, 2001). InterProScan analysis results are given 
in Supplementary data 4.5. All these proteins, except the unnamed/uncharacterised proteins, have 
an informative name that is supported by the results. For example, the protein PREDICTED: myosin-
binding protein H [Ovis aries] (gi|426239359) appears to contain fibronectin type III domain that has 
been found in the human myosin-binding protein H (UniProt: Q13203). Predicted potential molecular 
functions (in GO Slim terms) of these proteins are summarised in Fig. 4.7 based on manual 
interpretation of this InterProScan analysis. 
We have identified 207 proteins (Supplementary data 4.3) in the sarcoplasmic fraction, which 
contains protein soluble in water at low ionic strength. The majority of the enzymes that carry out 
glycogen metabolism, glycolysis and tricarboxylic acid cycle were found with at least one isoform or 
subunit. Based on the available GO annotations, it appears transferases, lyases and proteins involved 
in enzyme regulation, co-factor binding, lipid binding and antioxidant activity were mainly found in 
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the sarcoplasm of lamb meat (Fig. 4.5). Several sarcomeric proteins, including titin, actin, filamin, 
alpha-actinins, myomesins, myosin-binding protein C, myosin heavy chain and myosin light chains 
(Clark et al., 2002; Gautel, 2011), were also found in the sarcoplasmic fraction. This observation 
might be explained, at least in part, by the fact that some of these proteins have been shown to 
undergo post mortem degradation (Huff-Lonergan et al., 2010).  
                                                                           
In the myofibrillar fraction, 263 proteins were identified (Supplementary data 4.3) including various 
sarcomeric proteins. Some groups of proteins were found exclusively here, including various 
membrane proteins such as transmembrane protein 109, voltage-dependent anion-selective channel 
protein 2 isoform 2, several NADH dehydrogenase and ATP synthase subunits, reticulon 2; 
cytoskeletal proteins such as several different tubulin chains and extracellular matrix proteins type VI 
????????? ?-1 chain-????? ???? ?-3 subunits. Several sarcoplasmic proteins, e.g., glucose-6-phosphate 
isomerase, glyceraldehyde-3-phosphate dehydrogenase, glycogen myophosphorylase and pyruvate 
kinase isozymes were also found in the myofibrillar fraction. Their presence may be caused by the 
residual aqueous phase retained in the pellet after the extraction of sarcoplasmic fraction. This was 
realised from the onset as the pellet was purposely left unwashed to avoid losing proteins of low 
abundance. However, it is possible that there are interactions of glycolytic enzymes with other 
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Fig. 4.7. Summary of the predicted 
potential molecular functions of the 
proteins with unassigned GO terms 
(see Results and Discussion for 
details) based on manual 
interpretation of the InterProScan 
analysis results. 
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structural components of myofibrils (Ohlendieck, 2010), e.g., phosphofructokinase (Roberts et al., 
1988). Concurrently, the tryptic peptides mapped to phosphofructokinase were found solely in the 
myofibrillar fraction in this study.  
Although meat is derived from skeletal muscle, the physiochemical changes occurred during skeletal 
muscle to meat conversion such as gradual deletion of available energy, drop in pH and increase in 
ionic strength, have a pronounced impact on numerous proteins in the muscle cell (Huff-Lonergan et 
al., 2010). Examples include post mortem protein degradation (Lametsch et al., 2002; Wu et al., 
2014b), increased level of oxidation (Bernevic et al., 2011; Promeyrat et al., 2011) and 
phosphorylation (Huang et al., 2011b; Lametsch et al., 2011) of specific muscle proteins during post 
mortem storage. Therefore, whether post mortem changes have a role in reducing the abundance 
and/or confound the identification of these proteins may require further study. 
In the SDS-insoluble pellet fraction, 37 proteins were identified (Supplementary data 4.3). However, a 
majority of them (86%) were also found in the myofibrillar fraction. The remaining five proteins were 
different types of collagen α-chains. The highly abundant myofibrillar proteins titin and myosin-1 
were among the top five proteins with the highest number of unique and/or non-redundant peptides 
in this fraction. By including carbamidomethyl (N-terminus) as a variable modification in the final 
Mascot Percolator-post-processed Mascot search, we found 14.7% of the peptide identifications 
contained a carbamidomethyl N-terminus and they were mostly from type I and II collagens 
(Supplementary data 4.3). Curiously, all these peptides with “a carbamidomethyl N-terminus” were 
all semi-tryptic with a glycine residue in the P1 position of the “non-tryptic cleavage” terminus 
(Supplementary data 4.3). A glycine residue exhibits a very close monoisotopic mass (57.02 Da) to 
that of carbamidomethylation (57.03 Da). Also, by randomly mapping some of these peptide 
sequences to their corresponding protein sequences (e.g., EPGPVGAVGPAGAVGPR in collagen alpha-
2(I) chain), we found the peptides were tryptic if the glycine residues were shifted from the P1 
position to the P1’ position. Thus it is possible that these non-specific alkylation identifications, at 
least to some extent in this particular case, may not actually exist even though we cannot prove it 
based on the results.  
LTL is frequently used in meat research ("Recommended terminology for the muscle commonly 
designated ‘longissimus dorsi’," 1990), including many studies that employ proteomic techniques. 
Currently, most of them are differential studies aiming to identify only the proteins that exhibit 
differential abundance, to the best of our knowledge. A few studies focusing on LTL did involve 
identification of the proteome in their samples, including one for bovine (Bjarnadóttir et al., 2012) 
and three for porcine (Di Luca et al., 2013; Hornshøj et al., 2009; Huang et al., 2014a). They are 
briefly summarised in Table 4.4. By comparing the proteins reported by these studies with our 
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results, both similarities and differences were found. For example, the study on porcine LTL exudate 
proteome (Di Luca et al., 2013) identified several enzymes involved in energy metabolism (e.g., 
phosphoglycerate kinase 1, alpha-enolase and malate dehydrogenase, cytoplasmic) whose ovine 
analogues were also detected in the sarcoplasmic fraction of our study. Also, while both our and the 
bovine study (Bjarnadóttir et al., 2012) identified the abundant skeletal muscle proteins such as 
myosin-1 (myosin heavy chain 1), troponin T, fast skeletal muscle and glucose-6-phosphate 
isomerase, some proteins were detected only in the bovine study, e.g., cysteine and glycine-rich 
protein 3. 
However, it is uncertain whether all these observed differences actually arise from species 
differences for two main reasons. Firstly, the proteomic workflows employed by these studies, e.g., 
gel-free 2D-LC-MS/MS or 2-DE in conjunction with MALDI-TOF/TOF and/or LC-MS/MS, were different 
from those used here. The differences could lead to identification of non-overlapping sets of proteins 
between approaches, as highlighted in Raddatz et al. (2008) in the case of murine heart muscle 
proteome. Secondly, species-specific database coverage at the time when the studies were 
conducted might differ. For example, the bovine longissimus thoracis proteomic study carried out by 
Bjarnadóttir et al. (2012) used a bovine database whereas the porcine LTL phosphoproteomic study 
published recently by Huang et al. (2014a) utilised the mammalian database because the porcine 
database was not complete at that time. 
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Table 4.4. Brief summary of proteomic studies that involved proteome identification specific to LTL muscle. 
Authors Species Main purpose of the study 
Protein extraction 
solution 
composition 
Separation 
at protein 
level 
Separation at peptide level 
(for the digested protein 
samples) 
Data 
acquisition 
technology 
(e.g., ESI-
MS/MS, 
protein 
microarray, 
etc) 
# protein identified 
Bjarnadóttir 
et al. (2012) 
Cattle To find proteins with changed 
abundance between animals 
producing tender or tough 
meat using iTRAQ and 2-DE. 
Chaotropes/denatu
rants, zwitterionic 
detergent and 
reducing agent 
2-DE for the 
gel-based 
workflow 
2D-LC for the gel-free iTRAQ 
work flow 
ESI-MS/MS iTRAQ: out of the two 
iTRAQ sets, 115 and 
143 proteins were 
found. The 100 
proteins that were 
identified in both 
sets were reported. 
 
2-DE: 10/13 proteins 
showing significant 
change were 
identified and 
reported. 
Hornshøj et 
al. (2009) 
Pig To compare the transcript 
profiles and protein expression 
profiles of porcine heart and 
skeletal muscles using 454 
sequencing, cDNA microarray 
and iTRAQ. 
Tris, EDTA and 
sucrose (see the 
original article for 
details) 
No 2D-LC ESI-MS/MS The proteins 
corresponding to 354 
UniGene IDs were 
identified.  
 
However only 148 of 
the UniGene IDs that 
mapped to the 
transcriptomic 
experiments were 
reported. 
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Di Luca et 
al. (2013) 
Pig To generate a 2D DIGE-based 
proteome map of porcine 
muscle exudates collected at 
different post mortem time 
points from three phenotypes 
differing in water-holding 
capacity. 
 
N/A Muscle 
exudates 
collected 
and 2-DE 
used for 
preparative 
gels 
RP-LC for ESI-MS/MS MALDI-TOF/TOF 
and ESI-MS/MS 
as required 
Eighty-nine spots 
corresponding to 122 
proteins/fragments 
were identified and 
reported. 
Huang et al. 
(2014a) 
Pig To identify and characterise the 
phosphorylation sites that 
change in post mortem muscle 
using the quantitative MS-
based phosphoproteomic 
analysis. 
Chaotropes/denatu
rants, zwitterionic 
detergent, reducing 
agent, Biolyte pH 3-
10, protease and 
phosphatase 
inhibitors 
No For non-phosphorylated 
peptides: titanium oxide  
chromatography followed by 
hydrophilic interaction liquid 
chromatography (HILIC) and 
then reverse phase (RP)-LC 
 
For phosphopeptides: 
titanium oxide  
chromatography and 
sequential elution from 
immobilised metal affinity 
chromatography for 
enrichment; HILIC and/or RP-
LC for separation (see the 
original article for details) 
ESI-MS/MS In total, 305 unique 
proteins were 
identified and 
reported. 
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4.4.3 Criteria for protein identification 
In this study we accepted proteins identified by a single unique peptide as Chen et al. (2013) 
reported in their proteomic characterisation of silkworm larval gonads for a similar rationale: the 
identification of a single unique peptide often provides sufficient evidence to conclude the presence 
of a product of a certain gene, as stated by Schirmer et al. (2003) and Nesvizhskii and Aebersold 
(2005); further, in a typical shotgun proteomic experiment, more than 30% of all detected proteins 
are identified by a single peptide, including many low molecular weight and low abundance proteins 
(Nesvizhskii & Aebersold, 2005). Proteogenomic studies performed on Shewanella species have 
indicated complete exclusion of proteins with a single identified peptide often leads to loss of a large 
number of protein identifications (20%-25% of all expressed proteins) (Gupta & Pevzner, 2009). In 
order to minimise false-positively identified proteins while retaining single-peptide identifications, a 
stringent peptide scoring system administered by Mascot Percolator was employed as a validation 
step for our final database search results. Details of these unique peptides are reported in 
Supplementary data 4.3.  
As opposed to false discovery rate (FDR) that measures the error rate associated with a collection of 
PSMs, PEP measures the probability of error for a single PSM (Käll et al., 2008). Thus, PEP = 0.01 for a 
peptide means that the chance of a wrong peptide identification would be 1% in the worst-case 
scenario (Brosch et al., 2011). With respect to the FDR of the final database searches of the four 
MS/MS datasets, the values ranged from 0.36% to 1.64% when the PEP threshold was set to <0.05 
(Supplementary data 4.5). With a PEP threshold of <0.01, the FDR were all below 0.2%. This low FDR 
associated with a Mascot Percolator score >20.0 showed good confidence of the protein 
identifications based on a single unique peptide.  
Currently, more than two thirds of O. aries protein sequences in NCBI were of a predicted nature (as 
of August 27, 2013). Unsurprisingly, most of the proteins identified in this study were based on these 
predicted sequences. Out of the total 388 protein identifications (according to the total protein list 
presented in Supplementary data 4.3), 308 entries were predicted by NCBI (those with an accession # 
beginning with XP) and six entries derived from BGI Shenzhen-predicted gene models (those with an 
in-house gi # starting with 1999). Among the identified NCBI-predicted protein entries, 30 of them 
have a title prefixed with “PREDICTED: LOW QUALITY PROTEIN”. This prefix indicates the gene 
models from which these protein sequences are derived contain insertions, deletions or frameshifts 
yet they have a strong unique hit in the SwissProt database or seems to be orthologues of known 
protein-coding genes (NCBI, 2013). Therefore, the proteomic experiments provided evidence for the 
existence of these predicted protein sequences and therefore their corresponding gene models, 
including those that have been known to have potential defect(s).  
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4.4.4 Criteria for Gene Ontology annotation 
As mentioned above, the majority of the identified proteins were predicted ones that lack functional 
annotations, e.g., GO terms, in public databases. On account of that, a simple sequence-based 
inference approach was taken to transfer GO annotation from UniProtKB entries through NCBI BLAST 
based on the set criteria (as stated in Section 4.3.8). Literature findings on the correlation between 
GO terms and sequence similarity (Joshi & Xu, 2007; Louie et al., 2009) were taken to devise these 
criteria. 
Although higher sequence similarity increases confidence in function annotation transfer, there is no 
sequence similarity threshold that ensures that two proteins share the same function (Punta & 
Ofran, 2008). For example, Clark and Radivojac (2011) reported that even at 100% global sequence 
identity, perfect transfer of molecular function and biological processes in terms of GO terms is not 
always observed. In addition, the GO annotations of the representative sequences from which we 
derived the functional annotations vary in their evidence codes (see 
http://www.geneontology.org/GO.evidence.shtml for definitions). Most of these evidence codes 
were of “Inferred from Electronic Annotation” (IEA) (see Supplementary data 4.6, 4.7, 4.8 and 4.9), 
which is computationally derived and has not been manually curated. Taken together, protein 
function prediction inferred from sequence similarity is a simple way to impart useful hints on what 
kind of protein these identified “gene model-derived proteins” might be but their actual functions 
can only be verified with biological data. 
4.5 Conclusions 
This study reports the first in-depth proteomic characterisation of lamb meat derived from 
longissimus lumborum muscle. Meat proteins across a wide range of molecular masses, solubilities 
and functions were identified with high statistical confidence. In addition, the results confirmed the 
presence of at least 300 predicted protein sequences from the Oar v3 database. The protein 
catalogue presented here will contribute to the current understanding of the global protein 
composition of lamb skeletal muscle/meat and serve as a reference for the lamb meat industry in 
New Zealand and other countries. The proteome data could pave the way towards better 
understanding of the nutritional value of lamb proteins. As a step towards a comprehensive 
proteome map of all lamb muscle/meat types, it also provides better understanding of the raw 
product, allowing product differentiation and market segmentation. The proteome data could also 
support efforts towards the discovery of bioactive/functional sequences that might hold potential as 
value-added ingredients or products to the meat industry. 
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4.6 Supplementary data 
Below is the list of the titles of the supplementary data for this chapter. Please refer them to the 
attached documents (in the compact disc attached to this thesis) specified under each title: 
Supplementary data 4.1. Oar v3 sequences that remained after curation, along with their 
corresponding representative sequences and their proposed names. 
Supplementary data 4.2. Protein identification results of individual gel slices without using the 
Mascot Percolator and the search parameter (Supple_data_4-2-1, sarcoplasmic fraction, 4-20% T Gel 
1; Supple_data_4-2-2, myofibrillar fraction, 4-20% T Gel 1; Supple_data_4-2-3, myofibrillar fraction, 
high Mr region, 5% T gel; Supple_data_4-2-4, sarcoplasmic and myofibrillar fractions, low Mr region, 
4-20% T Gel 2). 
Supplementary data 4.3. The final protein identification results based on the Mascot Percolator 
validated PSMs using the following criteria: (1) at least two unique peptides at a posterior error 
probability (PEP) below 0.05; or (2) at least one unique peptide at a PEP below 0.01 (Section 4.3.8.1). 
Supplementary data 4.4. ProteinScape annotated spectra for the proteins identified based on a 
single peptide with a PEP < 0.01 (Supple_data_4-3-1, sarcoplasmic fraction; Supple_data_4-3-2, 
myofibrillar fraction; Supple_data_4-3-3, SDS-insoluble pellet). 
Supplementary data 4.5. The validated protein identifications, their UniProtKB-derived  
representative sequences and the BLASTP results; the InterProScan results; the FDR of the final 
database searches post-processed with the Mascot Percolator. 
Supplementary data 4.6. Details of the molecular function GO annotations for the representative 
sequences from the total protein list. 
Supplementary data 4.7. Details of the molecular function GO annotations for the representative 
sequences from the sarcoplasmic fraction. 
Supplementary data 4.8. Details of the cellular component GO annotations for the representative 
sequences from the total protein list. 
Supplementary data 4.9. Details of the cellular component GO annotations for the representative 
sequences from the sarcoplasmic fraction list. 
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Chapter 5 
Proteomic investigation of protein profile changes and amino acid 
residue-level modification in cooked lamb meat: the effect of 
boiling  
5.1 Abstract 
Hydrothermal treatment (heating in water) is a common method of food preparation and meat 
cooking. This study examined the effect of short (10 min) and long (240 min) periods of boiling on 
lamb meat and the resulting cooking water using proteomic methods. The long boiling time was 
found to cause protein aggregation that involved several proteins such as glyceraldehyde-3-
phosphate dehydrogenase and glycogen phosphorylase, as well as protein truncation such as in 
alpha-actinin-2 and the myosin heavy chains. Heat-induced protein backbone cleavage was observed 
adjacent to aspartic acid and asparagine residues. Heat-induced residue-level modifications, e.g., 
oxidation of phenylalanine, carboxyethyllysine and serine-derived dehydroalanine at the non-tryptic 
N-terminus, were detected in the cooked samples. Actin and myoglobin bands were still apparant on 
SDS-PAGE after the given cooking conditions. These proteins were also found to be the major source 
of observed heat-induced modifications. 
Keywords: sheep, lamb, meat, cooking, proteomics, protein modifications 
5.2 Introduction 
Red meat is a good dietary source of high quality proteins owing to its high protein content and the 
richness of essential amino acids (Lawrie & Ledward, 2006). Prior to its consumption, heat is usually 
applied to alleviate microbiological concerns and improve palatability.  
Meat is derived from skeletal muscle, whose protein composition can be categorised into three 
groups based on solubility in aqueous solutions: sarcoplasmic, myofibrillar and stromal (Goll et al., 
1989). The sarcoplasmic proteins (30-35% of total protein) are soluble in water and are dominated by 
glycolytic enzymes and creatine kinase in terms of abundance (Lawrie & Ledward, 2006). The 
myofillar proteins (50-55% of total protein) are mostly insoluble in water and dominated by myosin, 
actin and titin. The stromal proteins comprised mostly of the extracellular proteins such as the 
collagens and elastin (Goll et al., 1989). Alterations of the meat proteins’ tertiary structure by cooking 
can bring about changes in meat eating quality (Huang et al., 2011a; Tornberg, 2005). At the primary 
structure level, heat treatments of meat have been shown to increase protein modifications that may 
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affect the nutritional quality of meat proteins. These include increased protein carbonyl content (Bax 
et al., 2013b; Santé-Lhoutellier et al., 2008), Schiff’s bases (Traore et al., 2012a), modifications of the 
aromatic residues (Deb-Choudhury et al., 2014; Gatellier et al., 2009a), the AGEs (Sun et al., 2015), 
PhIP (Kataoka et al., 2010), asparagine and/or glutamine modification (King, 1978) and protein 
truncation (Deb-Choudhury et al., 2010; Ponce et al., 1994). 
While past research has provided valuable findings on meat protein structural changes in response to 
heating, only a small proportion has mapped the modifications to the level of individual protein 
species. Such understanding would help develop more refined strategies to control the modifications 
since the structurally heterogeneous meat proteins, as reflected by their solubility mentioned above, 
can exhibit different three-dimensional structure changes upon at heating, e.g., the contraction of 
the fibrous myosin and collagen (Tornberg, 2005) as opposed to the expansion of globular 
sarcoplasmic proteins at earlier stages of cooking (Palka & Wesierska, 2014).  
Boiling or heating in water is one of the fundamental methods for cooking meat (Pearson & Gillett, 
1996). Depending on the purpose, meat can be cooked in water for a short period of time (no more 
than 10 min) in the case of meat dumplings (Huang et al., 2014b) and hot-pot, as well as for longer 
period of time as done during braising (Bejerholm et al., 2014) and making soup. Recently, the effect 
of boiling on the proteins of beef mince has been investigated by Deb-Choudhury et al. (2014) using a 
wide range of analytical techniques including gel-free proteomics. The study indicated that heat 
exposure increased oxidative damage in the proteins of both the meat and the cooking water and 
protein hydrolysis occurred during boiling. 
On account of the importance of hydrothermal treatment in meat protein modifications, the aim of 
this study was to examine the qualitative change in meat protein profile when lamb meat was 
exposed to a short and a long period of boiling and map selected non-cross-linking amino acid 
residue-level modifications. The meat and cooking water were separated and analysed using the 
GeLC and the 1D LC-MS/MS, respectively. MS-based approaches can reveal the identity of the 
protein aggregated or truncated during cooking and have been used to pinpoint several types of 
potential heat-induced modifications such as the oxidative modifications of tryptophan and tyrosine 
residues (Grosvenor et al., 2011) and Maillard reaction products (Hebling et al., 2013). Boiling was 
chosen as the treatment method because it represents the maximum temperature for cooking under 
atmospheric pressure.  
5.3 Materials and methods 
Mineral oil (Thermia Oil B) was from Shell (The Hague, The Netherlands). Ammonium bicarbonate, 
bromophenol blue, glycerol and Tris base were from BDH (Poole Dorset, UK). Ethanol, DTT, methanol 
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and SDS were from Fisher Scientific (Hampton, NH, USA). Acrylamide and Coomassie Blue G-250 
were from Bio-Rad (Hercules, CA, USA). Acetic acid, 85% phosphoric acid, glycine and urea were from 
Merck (Darmstadt, Germnay). Chloroform was from Labserv Pronalys (Australia) and VWR (Randor, 
PA; AnalaR NORMAPUR Reagent Ph. Eur). MilliQ water used for protein extraction and 
electrophoresis-related experiments was prepared from the water purification system of Merck 
Millipore (Billerica, MA, USA). Thiourea was from Acros Organics (Geel, Belgium) and Sigma (St. Louis, 
MO, USA). TCEP and iodoacetamide were from Sigma. Sequencing grade modified porcine trypsin 
was from Promega (Madison, WI, USA). Formic acid was from Ajax Finechem (Taren Point, NSW, 
Australia) and Fluka (Buchs, Switzerland). LC-MS grade acetonitrile and water were from both Fisher 
Scientific (Hampton, NH, USA) and Fluka (Buchs, Switzerland). The Fluka reagents mentioned above 
were used for LC-MS/MS gradient solvents preparation. All the organic solvents used were of HPLC 
grade unless otherwise indicated. The water and acetonitrile used for in-gel digestion and MS 
analysis were of LC-MS grade. Water was used as solvent unless otherwise indicated. 
5.3.1 Experimental design 
Lamb mince, pooled from five animals, was used for the study. Each cooking control/treatment was 
performed in triplicate. The triplicates of each control or treatment were analysed as outlined in 
Table 5.1. 
Table 5.1 Experimental design for Chapter 5. 
 Control  10 min 240 min Total # of 
samples for 
LC-MS/MS 
GeLC of urea-thiourea 
meat extract  
9 slices X 3 9 slices X 3 9 slices X 3 81 
In-solution trypsin 
digestion of meat 
homogenate residue 
3 3 3 9 
In-solution trypsin 
digestion of cooking 
water fraction 
3 3 3 9 
Cooking water 
peptidomics 
3 3 3 9 
Total    108 
5.3.2 Lamb meat 
Five Coopworth ram lambs of 11-month-old (Fig. 5.1) were slaughtered on August 29, 2013, at a local 
processing plant. The lambs were fed on 50% short rotation ryegrass/50% oats for six weeks to two 
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months prior to slaughter. The average carcass weight was 22.3 ± 4 kg. After hanging in the chiller of 
the processing plant for 24 h, backstrap, i.e., Iongissimus thoracis et lumborum, was removed from 
each animal and the bulk of connective tissue was removed. Meat was vacuum-packed and 
transported to AgResearch (Lincoln campus) on crushed ice in an ice box. After further aging at -1 °C , 
meat was sub-sampled at 48 h post mortem and stored at -80 °C until use.  
Meat sub-samples from each animal (average 17.7 ± 0.5 g) were thawed in a fridge for about 4 h, 
diced into ~1 cm3 cubes, pooled with gentle stirring and minced using the chopper accessory of a 
Braun MR 4050 CA blender (Kronberg, Germany) according to the manufacturer’s instruction for 12 x 
2 sec (< 1 sec pause in between). Ground meat was aliquoted, snap-frozen with liquid nitrogen to 
minimise freezing damage and stored at -80 °C until use. The pH of the aged mince was 6.05, as 
measured directly by a HI 99163 portable meat pH meter (Hannah Instruments, Woonsocket, RI). 
Meat pH should be considered because it can influence the structural properties of meat proteins 
and is specific to a given study. 
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 Fig. 5.1. Lambs that arrived the processing plant. Upper panel: singling out Coopworth lambs for a 
photoshot; lower panel: the representative Coopworth lambs. 
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5.3.3 Meat boiling 
The design of the cooking method was based on Deb-Choudhury et al. (2014) with modifications. An 
aliquot of lamb meat mince wrapped in aluminium foil was thawed at room temperature for 30 min 
and then 0.6 ± 0.09 g (wet weight) of meat was transferred into a 25-mL two-neck round bottom 
flask. Double deionised water was added to the meat at 1:8 (w/v) ratio. Water temperature was 
monitored and recorded (at 2 or 8 sec intervals) throughout the cooking and cooling process by a 
resistance temperature detector (RTD) probe connected to a Temp 360 data-logging thermometer 
(Thermo Scientific, Waltham, MA) through the rubber septum-sealed angled joint of the flask. An 
operating glass condenser was attached to the straight joint of the flask. The meat and water were 
boiled in a pre-heated (133 ± 3 °C prior to placing the flask) mineral oil bath over a hot-plate stirrer 
(Heidolph MR 3001) (Fig. 5.2) for either 10 or 240 min. Counting of cooking time commenced at the 
point when water temperature reached 100 °C. Meat cooking started within 30 min after the finish 
of meat thawing. Both cooking water and the oil bath were constantly stirred during cooking to 
encourage even heat distribution. Cooking was conducted in an open system as the top of the 
condenser was unsealed. For control (without cooking), the setup was the same as described above 
except a room temperature oil bath was used and the “total heating” time (i.e., the period of time 
when the flask was in the oil bath) was 15 min. This 15 min period is roughly equal to the time meat 
and water spent in the oil bath during the 10 min boiling, as it took around 1.9-2.9 min to raise water 
from room temperature to 100 °C in this study. Records of temperature change in cooking water 
during cooking and cooling for each cooking experiment replicate (numbered from 1 to 3) are 
provided in Supplementary data 5.1. 
Once the boiling time was reached, the flask was immediately placed in an ice-water bath for 10 min. 
After cooling, the bulk of meat surrounded by water during cooking and cooking water was carefully 
transferred to a glass centrifuge tube and centrifuged for 40 min at 10,840 xg at 4 °C. The 
supernatant (i.e., cooking water) was aliquoted and stored at -80 °C. Cooked meat was subjected to 
protein extraction as described below. Cooking experiments were performed in triplicate. 
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 Fig. 5.2. The boiling cooking set-up.  
5.3.4 Protein extraction 
Cooked meat was weighed, followed by soaking in urea-thiourea solution (7 M urea, 2 M thiourea 
and 2% freshly-added dithiothreitol) at 1:16 ratio (w/v based on wet weight after cooking) for 5 min 
followed by homogenisation in a hand-held, serrated pestle homogeniser over ice for four cycles of 1 
min grinding and 10 sec pause. Homogenate was transferred to Eppendorf tubes and shaken 
vigorously using a reciprocal shaker at room temperature for 1 h. Homogenate was then aliquoted 
and stored at -80 °C. For SDS-PAGE, the homogenate was centrifuged at 17,810 xg for 20 min at 15 °C 
and the supernatant (hereinafter termed “urea-thiourea extract”) was used. Residue from meat 
homogenate (hereinafter termed “meat homogenate residue”) was also obtained for proteomic 
analysis: 100 µL of meat homogenate sample was centrifuged at 17,810 xg for 20 min at 15 °C. 
Supernatants were removed by aspiration and the remaining pellets were washed by vortexing in 
double deionised water twice, followed by one wash with methanol, defatted with one wash of 
chloroform-methanol (2:1, v/v) based on Kannamkumarath et al. (2002), and one wash with 
methanol. Pellets were dried in a vacuum centrifuge at 30 °C and then subjected to in-solution 
digestion with trypsin. 
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Proteins were extracted from cooking water using chloroform-methanol precipitation method based 
on Wessel and Flügge (1984). The pellet was dried in a vacuum centrifuge at 30 °C and stored at -80 
°C. Protein concentrations of cooking water samples and urea-thiourea extracts were estimated 
using a 2D-Quant kit (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) according to the 
manufacturer’s instruction. Protein from the cooking water of 10 min boiling treatment samples was 
pre-concentrated by the protein precipitation method before doing the assay because their protein 
concentrations were below the detection limit of the kit. 
5.3.5 SDS-PAGE 
Urea-thiourea extract was mixed with SDS-sample buffer (93.8 mM Tris-HCl, 25% glycerol, 5% SDS, 
0.01% bromophenol blue, pH 6.8 and freshly added 350 mM DTT) in 1:1.5 ratio (v/v) and shaken 
gently at 30 °C for 1 h. Urea-thiourea solubilised cooked meat extracts from a cooking replicate were 
run separately on a 4-20% T CriterionTM TGXTM precast gel (Bio-Rad, 133 × 87 × 1 mm) at a constant 
voltage of 200 V with current and power limits set to 80 mA (160 mA for two gels) and 15 W, 
respectively for 42 minutes. Each set of replicates was run on a separate gel. For preparative gel 
lanes used for GeLC, 100 µg of protein per meat sample was loaded in a well. For analytical gel lanes, 
25 µg of protein per meat sample was loaded in a well. 
Proteins were fixed in 50% ethanol, 10% acetic acid and 40% double distilled reverse osmosis water 
for 30 min followed by two repeats of 10 min rinsing in Milli-Q water. Gels were then stained with 
the organic solvent-free Coomassie Blue G-250 solution for 80 min (Lawrence & Besir, 2009) at room 
temperature. Gel destaining was done in Milli-Q water for 40 min with Kimwipes (Kimberly-Clark) 
with one change of water. Gel images prior to slicing for GeLC were shown in Supplementary data 
5.2. After excision of the preparative gel lanes, analytical lanes were stained with colloidal Coomassie 
Blue G-250 (Candiano et al., 2004) overnight and then destained with Kimwipes and Milli-Q water. 
Gel images were taken using a Nikon D100 digital camera over a light box. Relative stain intensity 
across each analytical lane was estimated using ImageJ v1.45s (Rasband, National Institutes of 
Health, USA). The Mr of an unknown protein band was estimated by a standard curve drawn based 
on the mobility of the Mr standards. 
5.3.6 Protein digestion for LC-MS/MS analysis 
5.3.6.1   In-gel trypsin digestion 
Each preparative lane was divided into nine sections of approximately equal length. Each gel section 
was split perpendicularly into two slices; one slice was used for a LC-MS/MS analysis while the other 
was stored at -80 °C as a back-up. In-gel digestion was based on Deb-Choudhury et al (2010) with 
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modifications. Thawed gel slices were cut into around 1-2 x 1-2 x 1-2 mm dices and washed in 200 
mM ammonium bicarbonate/50% acetonitrile at 37 °C with gentle shaking for 30 min with one 
change of the destaining solution. Samples were reduced at 37 °C under gentle shaking (500 rpm) for 
45 min, washing twice with 100 mM ammonium bicarbonate and then alkylated. After two washing 
with 50 mM ammonium bicarbonate, each sample was incubated in 100% acetonitrile at 15 °C for 10 
min. Acetonitrile was then removed and the samples were dried in a vacuum centrifuge for 15 min. 
Each dried sample was digested with 0.2-0.5 μg of sequencing grade trypsin (Promega) based on 
stain intensity (as specified in Supplementary data 5.2) at 37 °C overnight. Tryptic digests were 
extracted sequentially with 10% acetonitrile in 50 mM ammonium bicarbonate, 50% acetonitrile/1% 
formic acid and 80% acetonitrile. Pooled extracts for each sample were dried in the vacuum 
centrifuge at 30 °C and stored at -80 °C until analysis. 
5.3.6.2   In-solution trypsin digestion 
5.3.6.2.1   Cooking water 
Protein (11 μg) extracted from a cooking water sample was sonicated in 10 mM of Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), in 60 mM ammonium bicarbonate at temperature 
kept below 25 °C for 10 min and then vortexed for 45 min at 37 °C. After returning to room 
temperature, the samples were alkylated in 25 mM (final concentration) of iodoacetamide for 30 min 
at 25 °C under shaking. Alkylation was followed by incubated in 10 mM TCEP (final concentration) for 
1 h at 25 °C under gentle shaking. Samples were diluted by adding one volume of 50 mM ammonium 
bicarbonate, following by addition of 0.22 μg of sequencing grade trypsin. Acetonitrile was added to 
each sample to a final concentration of 10% (v/v). Digestion was performed at 37 °C with shaking 
overnight. Digests were centrifuged at 17,810 xg for 10 min at 15 °C. Around 200 μL of supernatant 
from each sample was dried in the vacuum centrifuge at 30 °C and stored at -80 °C until analysis. 
5.3.6.2.2   Meat homogenate residue 
Dried residue pellet was sonicated in 10 mM of TCEP in 60 mM ammonium bicarbonate at 
temperature kept below 25 °C for 10 min and then vortexed for 45 min at 37°C. The rest of the in-
solution digestion steps were as described above for the cooking water samples except 1.25 μg of 
sequencing grade trypsin was used for digesting each pellet sample. Supernatant from each sample 
was dried in the vacuum centrifuge at 30 °C and stored at -80 °C until analysis. 
5.3.7 Cooking water peptidomic samples 
To determine endogenous peptides from cooking water by LC-MS/MS analysis, 396 μL of each 
sample was acidified with 4 μL of formic acid (1% final concentration) and centrifuged in a 10 kDa 
MW cut-off spin column (Merck Millipore) at 13,800 xg at 4 °C. For control, 10 min and 240 min 
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cooking samples, centrifugation was respectively performed for around 61-72 min, 38-44 min and 
56-68 min to collect the bulk of liquid phase. These different times were used because the filtering 
speed varied between the samples. Filtrate was dried down in the vacuum centrifuge at 30 °C and 
stored at -80 °C until analysis. 
5.3.8 LC-MS/MS 
5.3.8.1   Gel samples 
The tryptic digest of each slice was re-suspended in 50 µL of 2% acetonitrile/0.5% formic acid. The 
reconstituted samples were spun at 17,810 xg for 10 min at 4 °C. The supernatant was used for LC-
MS/MS. Dilution was performed based on stain intensity with 2% acetonitrile/0.5% formic acid as 
specified in Supplementary data 5.2. 
LC-MS/MS was carried out on a Bruker nano-Advance UHPLC (Bruker Daltonik, Bremen, Germany) 
coupled to a Bruker amaZon Speed ETD ion trap mass spectrometer. For a single LC-MS/MS run of 
each sample, 5 µL (out of 50 µL) was loaded on a C18 trap column (UHPLC Nanopeptide Trap Magic 
C18AQ, particle size 5 µm, pore size 200 Å, Bruker Michrom) at a flow rate of 5 µL/min. The trap 
column was switched in line with a reversed-phase analytical column (IntensityTM C18P UHPLC Nano 
Column, particle size 1.8 µm, pore size 100 Å, ID 0.1 mm, length 300 mm, Bruker Michrom). The 
loading and desalting solvent used was the same as mobile phase A (0.1% formic acid). The reverse 
phase elution gradient was 2-45% mobile phase B (98% acetonitrile/0.1% formic acid) in 60 min at a 
flow rate of 400 nL/min at a column oven temperature of 60 °C. Between runs, the column was 
reconditioned by increasing mobile phase B to 95% in 2 min, holding for 3 min and brought down to 
0% solvent B in 1 min. The column was equilibrated in 100% mobile phase A for 4 min.  
Ions were analysed by the mass spectrometer via the Advance CaptiveSpray source (Bruker Daltonik) 
in positive ion mode using automatic MS/MS data acquisition. Exclusion time for a precursor ion 
from further experiments was 0.2 min when a maximum of two MS/MS spectra were acquired from 
that ion. For the source, dry gas temperature was set to 150 °C; dry gas, 3.0 L/min; capillary voltage, 
1600-1800 V; end plate offset, 0 V. Each sample batch that consisted of control and treatments was 
analysed using the same spray voltage. For MS generation the ion charge control target was set to 
40,000; maximum ion accumulation time, 20.00 ms; spectral average, four; scan range, 310-1400 
m/z; scan speed (Enhanced Resolution), 8,100 m/z s-1. Collision-induced dissociation (CID) was used 
to fragment precursor ions with a preference for doubly charged ions and exclusion of singly charged 
ions. MS/MS fragmentation amplitude was set to 1.00 V; SmartFragmentation, standard; start 
amplitude, 80.0%; end amplitude, 180.0%. A maximum of four MS/MS spectra were acquired after 
each MS scan. For MS/MS generation the ion charge control target was set to 200,000; the absolute 
threshold for precursor ion selection, 100,000; maximum ion accumulation time, 30.00 ms; spectral 
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average, three; scan range, automatically scale to precursor; scan beginning from 100 m/z; scan 
speed (Ultrascan), 32,000 m/z s-1.  
5.3.8.2   In-solution digested samples and cooking water peptidomic samples 
Dried tryptic digest or cooking water peptidomic samples were reconstituted in 2% acetonitrile/5% 
formic acid in a sonication bath kept below 25 °C for 5 min prior to vortexing. Reconstituted sample 
was centrifuged for 10 min at 4 °C at 17,810 xg. Supernatant was cleaned using a 200 µL, C18 
material StageTip (Thermo Scientific). The cleaning procedure was carried out according to the 
established protocol (Rappsilber et al., 2007) except more washing with 0.5% formic acid was 
applied. After drying in a vacuum centrifuge, the sample was reconstituted in 50 µL of 2% 
acetonitrile/0.5% formic acid using sonication and vortexing as described above. After 5 min 
centrifugation at 4 °C at 17,810 xg, supernatant was diluted with 2% acetonitrile/0.5% formic acid (1 
in 4 for cooking water and peptidomic samples; 1 in 2 for meat homogenate residue sample). For 
each LC-MS/MS run, 5 µL of sample was injected. The LC-MS/MS method used was the same as 
described above except ESI was operated at 1400-1800 V.  
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5.3.9 Data analysis
MS/MS spectra of each LC-MS/MS run were converted into a peak list in mgf format using the 
DataAnalysis v4.1 software (Bruker). The data analysis strategy is summarised in Fig. 5.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3. Data analysis strategy for protein identification and identifying peptides with modification of 
interest.  
5.3.9.1   Standard Mascot search and creation of a small sequence database 
Peak lists were searched against the combined Ovis aries sequence database (Section 4.3.8.1) using a 
local Mascot server (Matrix Science) version 2.4. The search parameters were: Enzyme specificity was 
set to semi-trypsin with up to two missed cleavages for trypsin digested samples whereas for cooking 
water peptidomic samples, no enzyme specificity; for gel samples, Fixed modification was 
propionamide (C) and Variable modifications were deamidation (NQ), hydroxylation (KP) and 
oxidation (M); for in-solution trypsin digested samples, Fixed modification was 
carbamidomethylation (C) and Variable modifications were the same as those of the gel samples 
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except carbamidomethylation (N-term) was also included; for cooking water peptidomic samples, no 
Fixed modification and the Variable modifications are the same as those of the gel samples ; 
Monoisotopic; MS error tolerance, 0.3 Da; MS/MS error tolerance, 0.6 Da. Each protein identification 
was required to contain at least one peptide with a Mascot score greater than the Mascot identity 
score at a Significance Threshold of p <0.05. Peptide rank cut-off was set to 1. Peptides with scores 
≤30 or lengths below six residues were all rejected. Protein score threshold was set to 45 for gel 
samples and 46 for in-solution trypsin digested and cooking water peptidomic samples, respectively. 
All Mascot search results were compiled into a minimal protein list using the ProteinExtractor 
algorithm (described in Section 4.3.8.1). All protein sequences (396 sequences in FASTA format, 
including keratins) from this list were retrieved to create a separated, shortlist database for 
subsequent Mascot searches. The use of a small database allows many Mascot searches involving 
higher number of Variable modifications (six to nine) and/or no enzyme specificity to be carried out 
in a realistic time frame without over-burdening the computer resources. This rationale resembles 
that of Craig and Beavis (2003). 
5.3.9.2   Protein identification  
The approach and criteria for protein identification in this study are described below. Briefly, two 
types of Mascot searches against the shortlist database were performed. One was the Percolator 
post-processed search (refer to Section 4.3.8.1 for more information), the other the standard Mascot 
search. Only a protein that was identified in a Percolator post-processed search, as well as in the 
standard Mascot search of a single LC-MS/MS run, was accepted as identified. All entries with a 
name containing keratin were rejected. 
For the Percolator post-processed searches, each set of peak lists from the triplicate samples of 
control or a specific cooking time point that underwent the same sample preparation workflow (e.g., 
GeLC, cooking water peptidomics, etc.) was merged into single files using ProteinScape. Merged peak 
lists were searched against the shortlist database using the Mascot server with the same parameters 
described above except: the Mascot Percolator option was activated; each protein identification was 
required to contain at least one peptide with a PEP <0.01; peptides with a PEP <0.05 or lengths below 
eight residues were all rejected. FDR estimation for searches involving semi-tryptic or no enzyme 
specificity was based on searches against a decoy database of reversed protein sequence or of 
random protein sequences, respectively. The search results showed nine datasets had an FDR below 
1.0% at PEP <0.05 while the rest (three) had no hit out of the decoy searches (Supplementary data 
5.3). At PEP <0.01, eight datasets had an FDR below 0.25% while the rest had no hit out of the decoy 
searches (Supplementary data 5.3). Protein identification results were compiled into a minimal list 
using the “Queries” function of ProteinScape.  
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For the standard Mascot search, original, unmerged peak lists were searched against the shortlist 
database without activating the Percolator. The search parameters were: no enzyme specificity; for 
gel samples, Fixed modification was propioamide (C) and Variable modifications were deamidation 
(NQ), glutamine to pyro-glutamate (N-term), hydroxylation (P) and oxidation (M); for in-solution 
trypsin digested samples, Fixed modification was carbamidomethylation (C) and Variable 
modifications were the same as those of the gel samples except carbamidomethylation (N-term) was 
also included; Monoisotopic; MS error tolerance, 0.3 Da; MS/MS error tolerance, 0.4 Da. Peptides 
lengths below six residues were all rejected. Peptide rank cut-off was set to 1. Mascot ion score and 
Protein score threshold were set to 40 or 45, respectively. Each protein identification was required to 
contain at least one peptide with a Mascot score greater than the Mascot identity score at a 
Significance Threshold of p <0.05. Peptide identifications derived from non-collagenous proteins 
carrying hydroxylation (P) were excluded for further analysis.  
The accepted protein identifications and the number of their corresponding peptide identifications, 
according to the standard Mascot search results, in each LC-MS/MS run are summarised in 
Supplementary data 5.4. The raw (ProteinScape) protein identification reports from which 
Supplementary data 5.4 was compiled are provided in Supplementary data 5.5. 
5.3.9.3   Protein modifications 
Original, unmerged peak lists were searched against the shortlist database without activating the 
Percolator. The search parameters were the same as those shown in 5.3.9.1 except: searches were 
performed against the shortlist database; MS/MS error tolerance was set to 0.4 Da; peptide rank cut-
off, one; Protein score threshold was set to 45 for all samples; furthermore, additional Variable 
modifications (Supplementary data 5.6) were included in each search. These additional modifications 
were known potential heating and/or reactive oxygen species-induced modifications. Not all of them 
would suit well for the MS/MS data acquisition set-up used in the present study. For example, Hex 
(K) (Zhang et al., 2007) and the -1 Da allysine (K) (Chen et al., 2009). Nevertheless, they were still 
included for experimenting purpose so we could decide whether to search for them in any future 
study using similar kind of mass spectrometry. These modifications were divided into 16 groups. Each 
group was incorporated into one Mascot search, resulting in 16 “modification searches” for each 
peak list. 
Search results of individual LC-MS/MS runs encompassing the 16 groups of modifications were 
imported into Excel and organised by an in-house developed Excel add-in. Mascot and/or 
ProteinScape annotated b and y ion peaks as well as those with an ammonia loss (-17 Da) or a water 
loss (-18 Da) were used to assess the quality of a peptide-spectrum match. Peptide identifications 
(peptide IDs) exhibiting one of the features listed below were rejected from further analysis: 
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1) Those with a name containing “keratin”  
2) Those with an ion score <40 
3) Those with a modified N or C-terminal residue (except for carbarmidomethylated ones) 
whose modification exhibits a monoisotopic mass close (±1 Da) to that of the flanking 
residue, e.g., HNE (+156.12 Da) and arginine residue (+156.10 Da) 
4) Those with ≥ four variable modifications. It should be noted that in this analysis procedure, 
the following Variable modifications were not regarded as a “variable modification”: N-
terminal carbarmidomethylation; N-termimal carbarmidomethylation of C plus N-termimal b-
aminoalanine of C, as the combination results in a +40 Da mass shift that is identical to a 
known artefact (Geoghegan et al., 2002); hydroxylation of K or P in collagens; one 
deamidation of N or Q per sequence, because they can be either known artefacts or 
biologically endogenous. 
5) Those derived from non-collagenous proteins but carrying a hydroxylation of K and/or P 
6) Those derived from a protein that did not meet the protein identification criteria stated in 
Section 5.3.9.2 or Section 6.3.8.2. 
The remaining peptide IDs containing only singly oxidized methionine residue (methionine 
sulphoxide) plus the above-mentioned “variable modifications” that were not regarded as a variable 
modification (if any) were accepted. Methionine sulphoxide was considered as a modification of 
interest in the cooking water peptidomic analysis only (the rationale is given in Section 5.4.2.1). 
Unmodified peptides (defined below) corresponding to the modified peptides of interest in terms of 
sequence were also sought as supporting evidence. 
The rest of the candidate peptide IDs with a modification of interest satisfying the following criteria 
were accepted: 
1) When redundant IDs arising from the same MS/MS spectrum, those with a higher number of 
variable modifications within a three ion score margin were rejected. Otherwise, the criteria 
below were applied to retain only one entry at most, 
2) Assignment of major peaks by Mascot or ProteinScape  
3) Occurrence of at least three consecutive amino acids 
4) Containing peaks that indicate mass shift corresponding to the mass of a modification of 
interest, unless the modified residue reported was located at N- or C-terminus and was not  
K or R, 
5) To support a candidate ID with a variable modification at N- or C-terminus, at least three 
unique b- (or those with an ammonia or a water loss) or y- (or those with an ammonia or a 
water loss) peaks were required, respectively, 
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6) When a modification of interest was reported to locate at N- or C-terminus of a peptide ID, 
the ID shall contain no other variable modifications except up to two deamidated (NQ) 
and/or one methionine sulfoxide. In the case of collagen derived-peptides, hydroxylation 
(KP) was also allowed, 
7) Supported by the presence of an unmodified peptide corresponding to the sequence of a 
candidate ID. In this context, an “unmodified” peptide also includes: 
A. That with a partial sequence longer than six amino acid residues when the reported 
modified peptide ID of interest was miss-cleaved, 
B. A peptide ID carrying only methionine sulfoxide (not applicable to the cooking water 
peptidomic samples), deamidation (NQ) and/or the above-mentioned “variable 
modifications” that were not regarded as a variable modification (Section 5.3.9.3). 
ProteinScape annotated MS/MS spectra of peptides with a modification of interest and their 
unmodified counterparts are given in Supplementary data 5.7. 
5.3.9.4.   Estimation of % non-/semi-tryptic peptides 
To estimate the proportion of non-/semi-tryptic peptides, peak lists corresponding to all the sections 
of a single gel lane were merged into one file. Peak lists were searched against the shortlist database 
using the standard Mascot search approach as described in Section 5.3.9.2. Identified peptides were 
compiled into a minimal list using the “Queries” function of ProteinScape. Again, peptide 
identifications derived from non-collagenous proteins carrying hydroxylation (P) were excluded for 
further analysis. FDR of the standard Mascot searches for the GeLC samples ranged from 2.4% to 
4.5% based on identity threshold (Supplementary data 5.3). FDR of the standard Mascot searches for 
non-gel samples were not estimated because some of them, e.g., each cooking water sample, had 
less than 4000 MS/MS spectra and this might not allow a robust estimation. 
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5.4 Results and discussion 
The present study aimed to improve understanding of the effect of boiling, a commonly practiced 
cooking method, on the primary structure of red meat proteins using an MS-based proteomic 
approach. Meat and cooking water were separated after cooking. The meat was extracted in a urea-
thiourea solution for the GeLC analysis while the residue was washed with water and organic 
solvents for the direct LC-MS/MS analysis. The denaturing character of the urea-thiourea solution 
should solubilise most myofibrillar and sarcoplasmic proteins from raw meat. The proteins and 
endogenous peptides from the cooking water were separately analysed by direct LC-MS/MS. 
The results are presented and discussed below in terms of 1) change in proteomic profile and 2) 
protein modification identified. 
5.4.1 Proteomic profile changes in response to boiling 
5.4.1.1   GeLC of the meat protein extract 
The use of SDS-PAGE to separate meat protein extract allowed visual assessment of the effect of 
cooking on formation of protein fragments and polymers/aggregates whose Mr deviated from that of 
an intact protein, as well as changes in the extractability of a protein. LC-MS/MS-based shotgun 
proteomics was applied to each gel section to identify the proteins through identification of the 
corresponding peptides generated during trypsin digestion. Although this study was of qualitative 
nature, the number of peptide IDs matching to each protein may reflect the relative peptide 
concentrations of the different proteins present in a sample since the peptides competed for mass 
spectrometer acquisition time (Arena et al., 2011). 
The GeLC results showed 10 min samples had the highest number of protein identifications while 240 
min had the least, with an average difference of 65 proteins between the two treatments (Table 5.2). 
It is unsurprising that the samples that underwent harsh treatment had the lowest number of protein 
identifications, as also observed by Arena et al. (2011) and Deb-Choudhury et al. (2014). Protein in 
such samples might have become more resistant to trypsin digestion due to arginine/lysine 
modifications or cross-linking/aggregation, and/or too modified or fragmented to be detected by an 
automatic MS/MS database search approach.  
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Table 5.2 Number of proteins identified in the GeLC, cooking water proteomics, cooking water peptidomics and meat homogenate residue. 
  Proteins identified in each 
replicate 
Mean (n = 3)   Standard deviation  
(round to whole number) 
Proteins exclusive to control 
or a treatment 
 Cooking 
replicate 
# 
GeLCa In-
solu. 
cw b 
PepT 
cwc 
In-
solu. 
resiDd 
GeLC In-
solu. 
cw 
PepT 
cw 
In-
solu. 
resiD 
GeLC In-
solu. 
cw 
PepT 
cw 
In-
solu. 
resiD 
GeLC In-
solu. 
cw 
PepT 
cw 
In-
solu. 
resiD 
Control 1 140 30 7 42 142 27 6 54 2 3 2 10 19 21 6 9 
2 144 27 4 59             
3 141 24 6 60             
10 min 
boiling 
1 144 33 4 48 156 36 3 56 14 3 1 7 37 22 1 6 
2 152 38 2 60             
3 171 38 3 60             
240 min 
boiling 
1 86 18 7 49 91 23 8 51 13 4 2 3 2 9 11 8 
2 106 25 7 49             
3 82 25 10 54             
a  GeLC experiments of urea-thiourea extracts. 
b  Cooking water in-solution digested proteomic experiments. 
c  Cooking water peptidomic experiments. 
d  Meat homogenate residue in-solution digested proteomic experiments.
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 Fig. 5.4. Representative analytical SDS-PAGE gel lanes of lamb meat protein extracts (from cooking 
replicate 1; refer to Supplementary data 5.1). Red marks on the right hand side of the image indicate 
the approximate position of gel sections from the preparative lanes sliced for proteomic analysis. A 
number of major protein bands were annotated based on the literature (Han et al., 2009; Wen et al., 
2014). 
The SDS-PAGE profiles showed alteration in banding pattern between the short (10 min), long (240 
min) boiling time and the control (Fig. 5.4; gel images for the other two cooking replicates are given 
in Supplementary data 5.2). The overall banding patterns between replicates looked similar although 
the protein mobility varied between the 42 min-electrophoresis runs. The control and 10 min 
samples both showed distinct but somewhat different banding patterns while the 240 sample 
exhibited almost a smear above the 50 kDa marker. The control, which has been stirred in water for 
15 min and thus released a range of water soluble proteins, preserved a similar banding pattern to 
that of the control used in the roasting study (Fig. 6.2), in which the raw meat was subjected directly 
to protein extraction. However, the intensity of the bands with the estimated Mr of 47, 25, 20 and 14 
kDa in the boiling control have slightly reduced in comparison to the roasting control (Section 
6.4.1.1). The GeLC results (Supplementary data 5.4) suggested the following proteins were released 
Myosin light chain 1/3, skeletal 
muscle isoform 
Actin and creatine kinase M type  
(theoretical Mr = 42 and 43 kDa, 
respectively) 
Myosin heave chain 
α-Actinin 
Myoglobin 
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into water during the control soaking because many fewer peptide IDs from these proteins were 
found in the control as opposed to the 10 min boiling (in which the proteins were probably 
denatured and lost their solubility in water): phosphoglycerate kinase 1 (theoretical Mr = 44.5 kDa), 
phosphoglycerate mutase 2 (theoretical Mr = 28.7 kDa) or triosephosphate isomerase 1 (theoretical 
Mr = 26.7 kDa), adenylate kinase 1 (AK1; theoretical Mr = 21.6 kDa), myoglobin (theoretical Mr = 17 
kDa) and β globin chain (theoretical Mr = 16 kDa). 
Five regions across the gel lanes showed distinct changes in banding patterns in response to boiling 
based on the gel images. These changes, along with the potentially related GeLC results, were 
summarised in Table 5.3. 
With regard to myosin heavy chains (theoretical Mr ranging from 221-223 kDa), one of the most 
abundant meat proteins, quite a few myosin heavy chain-derived peptides were identified in the top 
gel sections regardless of treatments (Supplementary data 5.4). A recent study has shown that even 
in raw, fresh bovine LTL, four myosin heavy chain isoforms have been identified with decent 
sequence coverage and number of unique peptides in a protein band above 600 kDa using SDS-PAGE 
and LC-MS/MS (Wu et al., 2014a). It was not known whether they have cross-linked or aggregated 
with myosin and/or titin and nebulin. This is unlikely to be the result of sample heating commonly 
performed right before gel electrophoresis because in the present study and in Wu et al. (2014a) the 
samples were only mildly heated in sample buffer at 30 °C and 50 °C, respectively prior to 
electrophoresis. One thing to note when looking at the protein identification results (Supplementary 
data 5.4) is that the number of identified peptides among control/cooked samples for some myosin 
heavy chain isoforms, e.g., myosin-8, varied greatly between replicates. This may be caused by the 
protein inference issue in shotgun proteomics (Nesvizhskii & Aebersold, 2005) due to high amino acid 
sequence similarity between these proteins (Weiss et al., 1999). The heterogeneity of fibre types in 
skeletal muscle might also contribute to this variation. Therefore, when studying myosin in a 
qualitative proteomic study it seems better to take into account all the identified isoforms to avoid 
bias. Overall, this study showed the participation of myosin heavy chains in the formation 
aggregation and/or polymer in both boiled and raw meat but the extent of involvement from boiling 
is not certain. 
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Table 5.3 A summary of the five regions across the SDS-PAGE gel lanes that showed distinct changes in banding patterns in response to boiling, along with the 
GeLC results that are potentially related to these changes (refer to Section 5.4.1.1). Note the GeLC results were obtained from gel sections whose approximate 
positions were indicated by the red marks in the images. 
Image of the representative gel (refer 
to Fig. 5.4 for a larger version; the 
images of the other replicates were 
given in Supplementary data 5.2) 
Aprrox.  
position in a 
gel lane 
 
Changes observed (refer to Supplementary data 5.4 
for the GeLC results) 
 
Interpretation of the changes observed 
 
1: top gel 
section/ 
circled by the 
red box 
A. A progressive increase in stain intensity was observable 
as boiling time lengthened. 
 
A number of proteins were detected in the boiling 
treatment samples only (with at least in two out of three 
replicates), including fast skeletal myosin light chain 2, 
myosin-binding protein C (fast-type), glyceraldehyde-3-
phosphate dehydrogenase, pyruvate kinase isozymes 
M1/M2 isoform 4, glycogen myophosphorylase, creatine 
kinase M-type and triosephosphate isomerase 1. 
 
Nebulin, a large myofibrillar protein (theoretical Mr = 
772.7 kDa) that spans the length of the thin filament 
(Pappas et al., 2011), was not found in the first gel 
section of control samples either but in that of boiling 
treatment samples. However, for this protein, more 
peptide IDs were found in 10 min samples than in 240 
min samples in this region. 
 
Some proteins were only detected in 240 min samples, 
e.g., AK1, 6-phosphofructokinase (muscle type), 
troponin C, myoglobin, malate dehydrogenase, 
mitochondrial, phosphoglycerate kinase 1, tropomyosin 
alpha-1 chain (TPM1), beta-enolase and myosin light 
A. These results indicate boiling probably leads to 
development of high Mr aggregate and/or 
polymer in a time dependent manner and the 
process involves both myofibrillar and 
sarcoplasmic proteins. 
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chain 1/3 skeletal muscle isoform. 
 
2: Gel sections 
2-3 for the gel 
in Fig. 5.4; Gel 
section 2 for 
the gels in 
Supplementary 
data 5.2/circled 
by the orange 
box 
A. Both control and 10 min samples exhibited a 
conspicuous band at an estimated Mr of 186 kDa. 
 
B. This band was thicker in 10 min samples than in control 
but was gone in 240 min samples. 
 
 
A. The band was very likely to comprise mainly 
myosin heavy chains according to standard 
Mascot results from Chapter 4 (Supplementary 
data 4.2 – Supple_data_4-2-2: Gel section 5 of 
the myofibrillar fraction). 
 
B. This observation on the myosin band 
degradation agrees quite well with the SDS-PAGE 
results of Kajak-Siemaszko et al. (2011) where 3 g 
of pork (72 h post mortem) cooked at 100 °C for 
10 min showed no obvious change in the myosin 
band but at 60 min of cooking, marked 
degradation could be seen.  
 
The GeLC results here showed myosin heavy 
chains were the most abundant protein found in 
the gel section(s), irrespective of treatments. 
However control and 10 min samples did have a 
noticeably higher number of myosin heavy chain-
derived peptide IDs overall than 240 min 
samples. 
3: Gel section 
3/circled by the 
yellow box 
A. A thick intense band at an estimated Mr of 128 kDa in 
control turned into a few thin bands at 10 min, which 
were no longer observable at 240 min. 
 
B. Regardless of treatments, the most abundant protein 
found in this gel section still seems to be myosin heavy 
chains. 
 
B. Myosin fragments of similar Mr have also been 
identified in raw, fresh bovine LTL by Wu et al. 
(2014a). Future studies using a quantitative 
approach may elucidate these marked changes 
of myosin in response to boiling. 
 
C. The GeLC results indicated a possible sign of 
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C. Another major protein found in the gel section was 
myosin-binding protein C isoforms (theoretical Mr = 
~126-128 kDa) in control and 10 min samples, although 
with much fewer peptide IDs compared to those of 
myosin heavy chains.  
 
At 240 min, myosin-binding protein C fast-type was still 
observed here in all replicates but with around half the 
number of peptide IDs. The other half were identified in 
regions higher up (above 150 kDa marker) on the gel 
lanes. 
 
protein aggregation. 
4: Gel section 4 
for the gel in 
Fig. 5.4; Gel 
section 3-4 for 
the gels in 
Supplementary 
data 5.2/circled 
by the green 
box 
 
A. The many distinct fine bands near the 75 kDa marker in 
control were turned to a few bands at 10 min and 
subsequently to almost a smear at 240 min aside from a 
thin, faint band. However, no obvious variation in 
protein and peptide identification results was noted 
between control and 10 min. 
 
B. Some proteins were found in the gel section(s) of the 
control and 10 min samples (in at least two replicates) 
but not, or with much reduced number of peptide IDs, 
in any of the gel sections from 240 min samples. These 
included myosin-binding protein H, annexin A6, very 
long-chain specific acyl-CoA dehydrogenase 
(mitochondrial isoform 2), cytochrome b-c1 complex 
subunit 1 (mitochondrial-like) and heat shock 70 kDa 
protein 1B. 
A. Perhaps taking finer gel sections and applying a 
quantitative approach would help reveal the 
cause for such change. 
 
B. It would be safe to assume these proteins had 
become too modified by 240 min boiling. 
5: Gel section 8 
for the gel in 
Fig. 5.4; Gel 
section 7 for 
A. The intensity of several thin bands below an estimated 
Mr of 12 kDa in control had either reduced or 
disappeared at 10 min. 
 
A. These were probably mainly myosin heavy 
chain fragments based on the GeLC results. 
  
The observed fragments in control might be 
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the gels in 
Supplementary 
data 5.2/circled 
by the blue box 
 
B. At 240 min, myosin heavy chain-derived peptides re-
emerged in the gel section(s). 
 
associated with post mortem proteolysis 
(Marino et al., 2013). Curiously, the overall 
number of peptide IDs of myosin heavy chains 
found below 37 kDa were extensively reduced 
in 10 min samples (a sum of five at most from 
the three 10 min replicates vs a sum of at least 
76 and 102 from the three control and 240 min 
replicates, respectively). Perhaps 10 min boiling 
has also led to protein polymerisation or 
aggregation. 
 
B. This was indicative of protein truncation due to 
prolonged boiling. Either the peptides were the 
results of myosin heavy chain(s) fragmentation 
or released from protein aggregates (refer to 
the preceding paragraph), protein truncation 
would have been involved. 
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Generally speaking, temperatures applied in meat cooking can cause protein aggregation because 
they are usually higher than 60 °C (Kajak-Siemaszko et al., 2011) as beef and lamb myofibrillar 
proteins have been shown to display a denaturation peak between 55 and 60 °C using differential 
scanning calorimetry (Kemp et al., 2009). The aggregation process can involve both non-covalent and 
covalent binding. An increase in protein surface hydrophobicity due to thermal denaturation has 
been shown to play an important role in cooking-induced protein aggregation when meat was 
cooked to a centre temperature of 99 °C (Promeyrat et al., 2010b; Santé-Lhoutellier et al., 2008) or 
170 °C (Santé-Lhoutellier et al., 2008). Several types of protein cross-links have been shown to be 
implicated in aggregation of meat protein upon heating. These include dityrosine, Schiff bases 
(Promeyrat et al., 2010b), disulphide bridges (Santé-Lhoutellier et al., 2008; Yarnpakdee et al., 2009) 
and protein carbonylation (Traore et al., 2012a). All of these are associated with protein oxidation. 
The cysteine-derived cross-links related to heating, namely lysinoalanine and lanthionine, have not 
been found at detectable level in either boiled beef mince or the cooking water using amino acid 
analysis, as demonstrated by Deb-Choudhury et al. (2014). Lysinoalanine is an example of protein 
modification that has attracted particular attention because of its experimentally demonstrated 
deleterious effects on nutritional quality and enlargements of kidney cells in rodents but apparently 
not in primates (Friedman, 1999). Indeed, in-depth characterisation of cross-links in cooked meat 
would be an interesting topic for future study.   
The overall GeLC results showed the 240 min boiling potentially aggregate, polymerise and/or 
fragment several proteins including the sarcoplasmic proteins L-lactate dehydrogenase A chain 
isoform 1 and glycogen myophosphorylase and the myofibrillar proteins, TPM1, tropomyosin beta 
chain isoform 1, alpha-actinin-2 and 3, as a greater number of peptides derived from them were 
identified in more gel sections than the control and 10 min samples (Supplementary data 5.4). Titin, a 
giant myofibrillar protein that spans the I and A bands (Clark et al., 2002), was highly abundant in 
control and 10 min samples according to the number of peptide IDs. The number greatly declined at 
240 min boiling. Some major sarcoplasmic proteins, beta-enolase, phosphoglucomutase-1 isoform 1 
and pre-pro serum albumin, were identified with markedly more peptides in cooked samples 
compared to control, implying reduction in water solubility of these proteins in 10 min of boiling. 
At 240 min of boiling, several bands remained relatively more visible. They were all found below an 
estimated Mr of 45 kDa (Fig. 5.4; gel images for the other two cooking replicates are given in 
Supplementary data 5.2). The two particularly distinguished bands are discussed below. The first one 
had an estimated Mr of 40 kDa. The GeLC results on the Gel sections containing this band (Gel section 
5 for the gel in Fig. 5.4 and Gel sections 4-5 for the gels in Supplementary data 5.2), along with the 
standard Mascot results from Chapter 4 (Supplementary data 4.2 – Supple_data_4-2-1 and 
Supple_data_4-2-2: Gel section 10 of the sarcoplasmic and myofibrillar fractions) suggested it was 
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mainly creatine kinase M-type (theoretical Mr = 43 kDa), skeletal muscle α-actin (theoretical Mr = 42 
kDa) and fructose-bisphosphate aldolase A isoform 1 (theoretical Mr = 39.4 kDa). Creatine kinase M-
type and fructose-bisphosphate aldolase A isoform 1 seemed to be involved in the cooking-induced 
protein aggregation on account of their appearance in the higher molecular weight gel sections of 
the boiling treatment samples. 
Actin was identified in multiple gel sections in the control at Mr both higher and lower than its 
theoretical Mr, similar to the myosin heavy chains mentioned above (Supplementary data 5.4). This 
co-presence of the actin and the myosin heavy chains above 42 kDa in the control, as shown in the 
GeLC results, might at least in part come from the actomyosin complex formed post mortem 
(Milligan, 1996). The identification of actin in the gel sections well below 42 kDa in the controls might 
be attributed to the post mortem proteolysis in skeletal muscle (Becila et al., 2010; Pearce et al., 
2011). For control and 10 min samples, the bulk of actin-derived peptide IDs was found in Gel section 
5 for Fig. 5.4 (or Gel sections 4-5 for Supplementary data 5.2). The same gel section(s) corresponding 
to 240 min samples contained comparable numbers of actin-derived peptide IDs to those in the 
control and 10 min samples. However, noticeably more peptide IDs from actin were present in other 
gel sections (at Mr both higher and lower than 42 kDa) of 240 min as opposed to those of control and 
10 min. This implied the protein probably had undergone aggregation/polymerisation and truncation 
after long period of boiling.  
Huang et al. (2011a) and Kajak-Siemaszko et al. (2011) reported that actin in pork is relatively stable 
at temperatures below 100 °C using SDS-PAGE. Actin in post-rigor bovine muscle without prior 
isolation has been shown to have a denaturation temperature of 80 °C at the pH range of 5.4-6.1 
using differential scanning calorimetry (Stabursvik & Martens, 1980). In contrast, Wen et al. (2014) 
using SDS-PAGE observed significant decrease (p <0.05) in the actin/creatine kinase band (estimated 
Mr = 42 kDa) intensity in pork cooked to 70 °C centre temperature. The authors found 
triosephosphate isomerase and myosin light chain 3 were more tolerant to cooking (up to 100 °C) 
than several other major meat proteins. In the present study, the glycolytic enzyme triosephosphate 
isomerase also seemed to exhibit relatively higher heat stability because at 240 min the gel section(s) 
from the Mr range of the intact protein (Gel sections 5 and/or 6 depending on the replicates) 
contained similar numbers of the peptide IDs to those of 10 min samples.  
Myosin light chain isoform(s) have been shown to be relatively heat stable in other meat animal 
species by Sentandreu et al. (2010), Montowska and Pospiech (2012), Sarah et al. (2014) and Wen et 
al. (2014) using proteomic approaches. In the present study, myosin light chain 1/3 skeletal muscle 
isoform (theoretical Mr = 20.9 kDa) and fast skeletal myosin light chain 2 (theoretical Mr = 19.1 kDa), 
appeared to show up as two defined bands in the control with an estimated Mr of 22 kDa and 16 kDa 
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respectively, based on the standard Mascot results of Chapter 4 (Supplementary data 4.2 – 
Supple_data_4-2-2: Gel sections 12-13 of the myofibrillar fraction). At 10 min, the myosin light chain 
1/3 showed signs of truncation whereas fast skeletal myosin light chain 2 exhibited signs of 
aggregation. At 240 min both protein aggregation and fragmentation were observed according to the 
peptide ID results (Supplementary data 5.4). SDS-PAGE profile (Fig. 5.4) showed the bands 
corresponding to the two proteins became blurry at 240 min boiling but still remained 
distinguishable. Myosin light chain 3 was not detected in this study but it was identified in the other 
above-mentioned studies. 
The second defined band located slightly above the 15 kDa marker (estimated Mr = 14 kDa; Fig. 5.4). 
Its higher stain intensity at 10 min compared to that of control suggested the protein in the band 
might be water-soluble. Based on the number of peptide IDs (Supplementary data 5.4) and the 
standard Mascot search results of Chapter 4 (Supplementary data 4.2 – Supple_data_4-2-1: Gel 
section 13 of the sarcoplasmic fraction), this band was myoglobin. In accordance with the band 
intensity, 10 min samples contained the highest number of myoglobin-derived peptides in the 
corresponding gel sections. At 240 min, the gel sections covering the intact myoglobin band also had 
comparable number of myoglobin-derived peptides to those of the two of the 10 min replicates. 
However, the protein was also identified across a wide range of gel sections (at Mr both higher and 
lower than 17 kDa), as opposed to control and 10 min. It appears myoglobin was also involved in 
both protein aggregation/polymerisation and fragmentation at 240 min boiling, just like actin.  
Myoglobin is a striated muscle specific (Ordway & Garry, 2004), highly soluble and compact globular 
protein that has most of its sequence arranged in α-helices (Fandrich et al., 2001). When heated in 
sodium phosphate buffer of pH 7.0 and ionic strength 0.014, horse heart myoglobin has been shown 
to irreversibly lose most of its helices above 80 °C (Moriyama & Takeda, 2010). On the other hand, 
Fandrich et al. (2001) have demonstrated that heating apomyoglobin (the protein without its haem 
group) in 50 mM sodium borate, pH 9.0 at 65 °C, can lead to formation of large quantities of fibrillar 
structures that contain β-strands and closely resemble the amyloid and prion aggregates seen in 
certain human pathophysiological conditions. In scrapie amyloid (prion) protein (PrP27-30), the β-
sheet (47% of the protein's secondary structure, as reported by Caughey et al., 1991) has been 
shown to be heat stable, remaining unchanged after exposing the protein in films at 132 °C for 30 
min. Therefore it may be interesting for future work to investigate whether boiling temperature 
could result in certain secondary structure change that confers the heat stability of the protein’s 
primary structure. 
Taken together, the results here indicated that the short boiling time (10 min) did not cause 
significant changes in the meat protein SDS-PAGE profile except for the myosin heavy chains. In 
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contrast, the long cooking time (240 min) drastically altered the profile as evidenced by the reduction 
in number of protein identifications and spreading of several sarcoplasmic and myofibrillar proteins 
to a Mr region higher and/or lower than their original Mr. These observations very likely link to 
protein aggregation and fragmentation.  
Protein aggregation has important implications for the food industry and the consumer. It has been 
shown to interfere with protein and peptide extraction processes and to reduce the sensitivity of 
meat protein to enzymatic proteolysis in some model studies (Promeyrat et al., 2010a). On the other 
hand, aggregation can be manipulated to modulate gel formation and textural properties, which is 
essential in the making of comminuted meat products (Tornberg, 2005). Identification of the protein 
species and modifications involved in aggregation via proteomic techniques can help better inform 
the control of such process-induced protein aggregation. 
5.4.1.2   Cooking water 
Meat soup and stock is widely consumed globally. Hence, proteomic and peptidomic evaluation of 
the meat cooking water were of particular interest and examined in this study. The numbers of 
protein and peptide identification in the proteomic samples were clearly higher than those in their 
corresponding peptidomic samples (Table 5.2; Supplementary data 5.4), despite a higher volume of 
cooking water being used to prepare the peptidomic samples than for the proteomic samples. The 10 
min boiling gave the highest number of protein identifications in the proteomic samples but the least 
in the peptidomic samples while the converse was true for the 240 min samples.  
The proteomic results showed distinctly different protein profiles between the control and boiling 
treatment samples (Table 5.2; Supplementary data 5.4). In control, where the raw mince was stirred 
in water at room temperature, the proteins identified were either typical sarcoplasmic proteins such 
as the glycolytic enzymes and creatine kinase M-type, the enzymes from the mitochondria e.g., 
aldehyde dehydrogenase, mitochondrial isoform 2 or other proteins that can be found in the 
sarcoplasmic fraction of the 48 h post mortem lamb (Supplementary data 4.3). Myosin light chain 1/3 
skeletal muscle isoform were found in two of the control water replicates (Supplementary data 5.4). 
This myofibrillar protein has also been found in the sarcoplasmic fraction of post mortem bovine 
LTL (Marino et al., 2014).  
On the other hand, the peptidomic results showed quite different profiles in terms of the origin of 
the peptides between the control and 240 min boiling treatment samples (Table 5.2; Supplementary 
data 5.4). Myoglobin was the only protein source identified regardless treatments. In control, 
peptides from myoglobin, desmin, myozenin-1, triosephosphate isomerase 1 and LIM domain-
binding protein 3 isoform 2 were found in at least two replicates. Among these, desmin and 
myozenin-1 were only found in control. The presence of protein fragments in raw meat may be 
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associated with proteolysis by the endogenous proteases, at least in part. For instance, desmin has 
been known to be susceptible to post mortem proteolysis by µ-calpain (Geesink et al., 2006). 
In 10 min proteomic samples, the numbers of the identified sarcoplasmic proteins were clearly 
reduced. Type I collagen became the most abundant protein in terms of number of peptide ID while 
type III collagen was not detected. Both type I and III collagens have been shown to be the major 
collagenous components in bovine skeletal muscle connective tissue (Light & Champion, 1984). The 
finding here agrees with Burson & Hunt (1986) who detected increased solubilisation of type I 
collagen at 90 °C (as opposed to 70 °C) but type III collagen exhibited higher resistance against the 
heating. Although protocollagen strands have a long length (theoretical Mr = 128.9 and 139.7 kDa for 
collagen alpha-2(I) chain and collagen alpha-1(I) chain, respectively), they are not known to 
aggregate (Shoulders & Raines, 2009). This special characteristic was very likely to be attributed to 
the prevalence of proline and glycine residues in protocollagen, the two residues with the lowest 
propensity to form a β-sheet (Shoulders & Raines, 2009). A number of cytoskeletal proteins, e.g., 
nebulin, titin and myosin light chain isoforms but not myosin heavy chains and actin, also emerged at 
10 min boiling. Several other proteins of various biological functions, e.g., cytochrome c, superoxide 
dismutase [Cu-Zn], perilipin-4 and synaptopodin-2 were only detected in the 10 samples. AK1 and 
myoglobin appeared to be much more resistant to 10 min boiling than the other sarcoplasmic 
proteins (Supplementary data 5.4).  
In 10 min peptidomic samples, myoglobin, LIM domain-binding protein 3 isoform 2 and titin were the 
only three proteins found in at least two replicates. The cytoskeletal proteins LIM domain-binding 
protein 3 isoform 2 (Faulkner et al., 1999) and titin were both exclusively found in all the 10 min 
cooking water replicates. Nevertheless, since both proteins have also been found in the peptidomic 
control, conclusion cannot be made here about whether they were involved in heat-induced 
backbone cleavage. 
In the 240 min proteomic samples, myosin heavy chains appeared and became the most abundant 
protein while type I collagen still remained detectable in all replicates. TPM1 and tropomyosin beta 
chain isoform 1 seemed to become more abundant in this fraction. Actin also appeared at this time 
point but only with an average of three peptide IDs per sample. The number of peptide IDs for 
myosin light chain isoforms did not vary much between 10 and 240 min of boiling. On the other 
hand, AK1, myoglobin, nebulin and titin either had fewer peptide IDs or were not detected.  
Six proteins consisting of sarcoplasmic, myofibrillar and mitochondrial proteins were found in at least 
two replicates of the 240 min peptidomic samples but not in those from control or 10 min 
(Supplementary data 5.4). The results strongly suggested the backbones of these proteins have been 
cleaved upon prolonged boiling. No peptides from either LIM domain-binding protein 3 isoform 2 or 
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titin, which were found at 10 min of boiling, were identified. This indicated they probably have been 
severely fragmented and/or modified by prolonged boiling. 
The protein concentrations of the control were much higher than those of the boiling treatment 
samples (Table 5.4). The 10 min cooking water contained the least amount of protein while at 240 
min the protein concentrations increased by about seven fold of those in the 10 min samples. This 
trend was also found by Deb-Choudhury et al. (2014) who used quantitative amino acid analysis to 
determine the protein content of boiled beef mince and the corresponding cooking water. The initial 
drop in cooking water protein content at short boiling time may be explained by the boiling-induced 
aggregation of water-soluble proteins according to the proteomic results. Such interpretation has 
also been addressed by Deb-Choudhury et al. (2014).  
Table 5.4 Estimated protein concentrations of cooking water and urea-thiourea extracts. 
Treatment Sample type 
Cooking replicate # 
Mean 
(n = 3)  
Standard 
deviation 
1 2 3 
Protein concentration (μg/μL) 
Control 
Cooking water 3.78 3.47 3.00 3.42 0.39 
Urea-thiourea extract 8.26 8.53 9.23 8.67 0.50 
10 min 
boiling 
Cooking water 0.08 0.08 0.06 0.07 0.01 
Urea-thiourea extract 12.41 13.08 13.36 12.95 0.49 
240 min 
boiling 
Cooking water 0.77 0.57 0.58 0.64 0.11 
Urea-thiourea extract 10.63 11.67 10.60 10.97 0.61 
 
Interestingly, by conducting gel filtration chromatography, these authors observed a nine-fold 
decrease in the percentage peak areas of the high molecular weight compounds (>2.2 kDa) and 
three-fold increase in the percentage peak areas of the low molecular weight compounds (<2.2 kDa) 
in beef cooking water within 15 min of boiling. As heating went on, a gradual increase was observed 
in the percentage peak areas of the high molecular weight compounds while the percentage peak 
areas of the low molecular weight compounds remained constant. These findings suggests hydrolysis 
also took place within a relatively short period of boiling, as indicated by the increase in the low 
molecular weight compounds, aside from the protein aggregation (Deb-Choudhury et al., 2014). 
Further, the findings also led the authors to suspect that aggregation of the low molecular weight 
compounds occurred in the course of heating. This peptide aggregation hypothesis might explain 
why many more peptides derived from the myofibrillar proteins were identified in the cooking water 
proteomic results, but not the cooking water peptidomic results, of the boiling treatment samples, 
especially at 240 min (Supplementary data 5.4). Taking myosin heavy chains as an example, these 
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proteins were identified by at least 19 peptides per LC-MS/MS run in the 240 min cooking water 
protein samples but an average of one per LC-MS/MS run in the corresponding peptidomic samples. 
In normal circumstances, myosin heavy chains are not water-soluble unless cleaved into peptides. If 
their heat-hydrolysis products were not aggregated in cooking water, the peptides were probably 
more likely to be identified by the peptidomic approach. However, if they were part of large soluble 
peptide aggregates then they might suit the proteomic approach better. 
These cooking water results suggest that meat soups, broths and sauces prepared by sustained 
periods of boiling will likely contain several major myofibrillar and connective tissue proteins as the 
main proteinaceous component. 
For future studies to explore the mechanisms responsible for the protein profile evolution from short 
to long boiling time, a GeLC approach may be applied to identify and estimate the Mr of the proteins 
released into water during heating. This method was not conducted in this study because the 
samples have undergone protein precipitation due to the low protein concentrations (Table 5.4). A 
direct in-solution digestion method was thus employed to circumvent potential selective protein loss 
due to incomplete re-solubilisation of pellet before gel loading. Therefore, the results here may serve 
as baseline information for a gel-based proteomic study. 
5.4.1.3   Meat homogenate residue 
In this fraction, the total number of peptide IDs for the major meat connective tissue collagens, 
collagen alpha-1(I) chain, collagen alpha-2(I) chain and collagen alpha-1(III) chain, were noticeably 
higher than those found in the urea-thiourea extract (i.e., the GeLC results; Supplementary data 5.4). 
These collagens were found in all replicates of control and 10 min but not in any of 240 min samples. 
It is speculated that by 240 min of boiling, both type I and III collagens might have been severely 
hydrolysed and/or modified. 
All the proteins identified here can also be found in the urea-thiourea extract except three histones, 
60S ribosomal protein, fibrillin-1 and pyruvate dehydrogenase E1 component subunit alpha (somatic 
form, mitochondrial) (Supplementary data 5.4). Most of the proteins identified were in both control 
and boiling treatment samples (Table 5.2).  
The peptide IDs of many sarcoplasmic and myofibrillar proteins found in this fraction should come 
from the proteins precipitated from the residue urea-thiourea extract during the pellet washing with 
water. This protein precipitation process might somewhat resemble the effect of thermal 
denaturation on the protein aggregation in cooked meat. Urea, as a chemical denaturant, disrupts 
hydrogen bonds, unfolds a protein’s hydrophobic cores and decreases ionic bonds between proteins 
(Rabilloud, 2009). Thiourea is better at breaking hydrophobic interactions than urea and thereby 
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improves solubilisation of hydrophobic proteins (Weiss & Gorg, 2008). However, chemical 
denaturants like urea generally bind weakly to proteins (Otzen, 2011). Therefore, the pellet washing 
step (involving the dilution of urea plus vortexing) probably caused the partially folded intermediates 
to interact, similar to the process that results in formation of inclusion bodies during expression of 
recombinant proteins (Burgess, 2009). Thermal denaturation in proteins is generally linked to rupture 
of hydrogen bonds or electrostatic bonds, as well as increase in protein surface hydrophobicity 
(Promeyrat et al., 2010b). Exposure to the protein surface of hydrophobic amino acids may promote 
formation of non-covalently linked aggregates as proteins can now stick together more easily 
(Promeyrat et al., 2010a).  
It is worth noting that more nebulin-derived peptides were found in the meat homogenate residue of 
control and 10 min samples (around 20-40 per LC-MS/MS run) than in the GeLC results 
(Supplementary data 5.4). This did not happen to the highly abundant myofibrillar proteins including 
myosin heavy chains, actin and titin. The observation implies that either the urea-thiourea solution is 
relatively less effective in solubilising nebulin or the nebulin-derived peptides in the GeLC samples 
were out-competed during data-dependent MS/MS acquisition. The latter seems to be less likely, 
given the pre-fractioning nature of GeLC as opposed to the one-dimensional LC-MS/MS for this 
fraction. At 240 min, the number of nebulin peptide IDs were reduced in the GeLC results, but much 
more pronounced in the meat homogenate residue (an average of two per LC-MS/MS run), indicating 
the protein probably has been drastically fragmented and/or modified.  
A few sarcoplasmic proteins, e.g., triosephosphate isomerase 1, were identified only in the boiling 
treatment samples. This is probably because a proportion of them have been extracted into water 
during the “control” cooking thus render their abundance in the meat homogenate residue below 
detection level. 
5.4.2 Heat-induced modifications 
For ease of discussion, it is noted here that the list of the peptides with modification of interest and 
were solely detected in the boiling treatment samples are presented in Table 5.5. The rest of the 
observed non-native peptides, including those observed in the control uncooked samples, are 
presented in Supplementary data 5.8. The number of these modified peptides found in this study is 
summarised in Fig. 5.5. 
5.4.2.1   GeLC of the meat protein extract  
With respect to oxidative modifications at aromatic residues, only one peptide (from the myofibrillar 
protein α-actinin-3) that carried a tyrosine oxidation (dihydroxyphenylalanine, DOPA) was found in 
(one of) the control replicates (Fig. 5.5). In the boiling treatment samples, three peptides with a 
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modified aromatic residue, each from one of the cooking replicates, were identified only in the 
cooked samples (Table 5.5). Two of them, one with a phenylalanine oxidation and one with a 
tryptophan oxidation (hydroxytryptophan), came from the glycolytic enzymes in the 10 min boiling 
treatment samples. The last one was derived from actin in the 240 min sample and carried a DOPA 
and a methionine sulphoxide. The tryptophan-modified and the tyrosine-modified peptides appeared 
to come from truncated proteins because the gel sections they originated were considerably lower 
than the theoretical Mr of the intact proteins. 
The oxidation of aromatic residues has been shown to be associated with ROS attack (Dyer et al., 
2009; Grosvenor et al., 2010). ROS can be generated in vivo (Dean et al., 1997; Ghesquière & 
Gevaert, 2014) as well as through environmental or treatment-induced oxidative insult. Since the 
same number of peptides with a DOPA was found in both the control and the boiling treatment 
samples, it cannot be certain whether the heating has caused this modification. Interestingly, the 
peptide with a DOPA from the control did not have an “unmodified” counterpart identified in the 
same LC-MS/MS run. This is not the case for the above-mentioned modified peptides found in the 
cooked samples. Moreover, the intensity of the tallest peaks in the MS/MS spectra of these modified 
peptides (Table 5.5: Tag # B_m001, B_m002, B_m003) was only approximately one tenth of the 
“unmodified” counterparts found in the same LC-MS/MS runs (Table 5.5: Tag # B_c001-2, B_c002, 
B_c003-1). This could probably be one of the reasons why the modified peptides were not 
reproducibly identified in all the cooking replicates since the variation in the gel slice size and in the 
extent of electrophoretic separation may introduce other peptides of higher abundance and out-
compete the modified peptides during the data-dependent MS/MS acquisition. 
Oxidation of phenylalanine has previously been reported in beef mince boiled in water (Deb-
Choudhury et al., 2014) whereas hydroxytryptophan and DOPA have both been identified in the 
hydrothermally treated (90 °C) wool intermediate filament proteins solubilised in 0.05 M sodium 
tetraborate buffer, pH 8.5 (Grosvenor et al., 2011). Boiling red meat in water appears to provide a 
relatively favourable environment for ROS production for two reasons. Firstly, hydrothermal 
treatment per se has been found to be capable of forming certain ROS, including hydroxyl radical 
(Bruskov et al., 2002; Grosvenor et al., 2011) and hydrogen peroxide (Bruskov et al., 2002). Secondly, 
the denaturation of myoglobin during cooking can expose the haeme group and makes the iron more 
prone to oxidation (Suman & Joseph, 2013). The oxidation of oxymyoglobin to metmyoglobin can 
eventually lead to production of hydrogen peroxide (Estévez, 2011). Hydrogen peroxide has been to 
shown to cause the release of iron from haeme molecule and the non-haeme iron can catalyse 
oxidative reactions (Rhee et al., 1987). Heating of ground meat in a boiling water can also cause the 
non-haeme iron level to rise (Schricker et al., 1982). Lipid peroxides resulting from polyunsaturated 
fatty acid oxidation may also be potential oxidants but they appeared to be less oxidative than 
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hydrogen peroxide (Promeyrat et al., 2013a). Hydroxytryptophan at specific tryptophan residue of β-
lactoglobulin has been detected in the defatted raw cow milk using UHPLC-MS/MS with multiple 
reaction monitoring (Meltretter et al., 2014). As shown by the authors, the level of this site-specific 
modification increased in the cases of both laboratory heating and more severely heated 
commercially available products. Nevertheless, the laboratory heating results suggested that this 
modification product was unstable in milk upon prolonged heating.  
It is worth noting that hydroxytryptophan may occur as a chemical artefact particularly in the SDS-
PAGE separated, in-gel digested samples as opposed to the in-solution digested samples (Perdivara 
et al., 2010). However, the extent of the modification appears to depend on the amino acid 
microenvironment around the tryptophan residue (Perdivara et al., 2010). Hence, it cannot be 
certain whether the tryptophan oxidation identified here was formed during sample handling. 
Methionine sulphoxide, as found in one of the peptide mentioned above, is a known in vivo post-
translational modification but also a relatively common chemical artefact that can form during 
sample handling (Lagerwerf et al., 1996). This is probably because the residue is susceptible to 
oxidation even at mild oxidative conditions (Estévez, 2011). In addition, this modification has been 
shown to be more pronounced under the in-gel trypsin digestion conditions than under the in-
solution trypsin digestion conditions (Froelich & Reid, 2008). Therefore, methionine sulphoxide was 
not considered as a modification of interest in this qualitative study except in the cooking water 
peptidomic analysis in which the samples were handled at much lower temperature overall without 
the 37 °C incubation in ammonium bicarbonate as performed in the proteomic analysis. 
There were also oxidative modifications on other residues. One peptide with a cysteine trioxidation 
(sulphonic acid) was found in two of the control replicates whereas one peptide with a methionine 
double oxidation (methionine sulphone) was found in one of the control replicates (Supplementary 
data 5.8). The latter was also found in one of the 10 min cooking replicates. The findings imply that 
the peptide with the methionine sulphone might have been present at a level near the detection 
threshold at the point of data acquisition in view of the high sample complexity so their identification 
could occur by chance. The absence of the sulphonic acid-carrying peptide in the boiling treatment 
samples probably indicated further degradation or modification of the peptide. Cysteine-derived 
sulphonic acid can form in vivo (Chang et al., 2010; Jeong et al., 2011). On the other hand, sulphonic 
acid formation at specific cysteine residue of β-lactoglobulin has been detected in the raw defatted 
cow milk but this site-specific modification increased significantly when the samples underwent 
laboratory heating at 99 °C (Meltretter et al., 2014). However, the authors found the analysis of the 
commercial milk products did not conform to the finding because the products showed high 
variations of the cysteine sulphonic acid concentration. 
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In earlier researches, methionine sulphone has rarely been observed in biological systems (Vogt, 
1995). However, Meltretter et al. (2014) using the multiple reaction monitoring technique detected 
this modification at specific methionine residue of β-lactoglobulin in the raw defatted cow milk and 
found its level remained stable during the laboratory heating (at 99 °C up to 23 min). Along with the 
results on the commercial milk products, the authors suggested this oxidative modification in milk 
was likely to result from enzymatic post-translational modification rather than heat-induced chemical 
modification. In the present study, the intensity of the tallest peak in the MS/MS spectra of the 
methionine sulphone-containing peptide from the control (Supplementary data 5.8: Tag # B_m005, 
B_c005) was approximately one fiftieth of the “unmodified” counterpart found in the same LC-
MS/MS run but for the one from the 10 min boiling treatment sample was approximately one tenth 
(Supplementary data 5.8: Tag # B_m006, B_c006). Indeed, meat mincing (Estévez et al., 2011), 
freeze-thaw (Xia et al., 2009) and the subsequent sample handling may all expose the meat protein 
to oxidation but whether the extent was enough to cause detectable methionine sulphone formation 
is uncertain.  
The lysine carbonyl (Xu & Chance, 2007) on two myosin heavy chain-derived peptides were found in 
both the control and boiling treatment samples (Supplementary data 5.8). Interestingly, the carbonyl 
modification did not seem to prevent the trypsin from cleaving the modified lysine residues in these 
cases. A background level of oxidised protein has been observed in the raw beef (Santé-Lhoutellier et 
al., 2008), lamb (Roldan et al., 2014) and pork (Traore et al., 2012a). In addition, Promeyrat et al. 
(2013b) using the mimetic experimental models demonstrated that the carbonyl formation in 
myofibrillar protein, as assessed by the 2,4-dinitrophenylhydrazine (DNPH)-based approach, was 
weakly affected by heat alone but exacerbated by oxidants.  
Acetylated lysine was exclusively found in a myosin heavy chain-derived peptide from one of the 10 
min cooking replicates (Table 5.5; Fig. 5.5). Lysine acetylation has been shown to be an important 
post-translational modification in rat striated muscle (Lundby et al., 2012) but also is a known 
Maillard reaction product (Arena et al., 2014). Formation of 2-amino-3-ketobutyric acid from a 
threonine residue (didehydro of threonine) has also been identified in one of the 10 min cooking 
replicates. The modified peptide came from nebulin. This modification is known to be formed by free 
radical-mediated protein oxidation (Stadtman & Levine, 2003). 
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Table 5.5 Peptides with heat-induced modification found in the boiling treatment samples only. Oxidative modifications were indicated in bold font. “Unmodified” 
peptide counterpart was indicated in Italic font and with grey background. 
Treatmenta Positionb m/zc zd RT
e 
(min) RfN
f Peptide sequence and protein of origin RfCg Modification(s)h Tag #i 
GeLC of meat (urea-thiourea extract)  
10 min; 4; 2 163 - 179 957.0 2 44.4 K LAMQEFMILPVGASSFR PREDICTED: beta-enolase [Ovis aries] E F6: Oxidation B_m001 
10 min; 4; 2 163 - 179 
957.0 
2 
43.0 
K 
LAMQEFMILPVGASSFR 
PREDICTED: beta-enolase [Ovis aries] E 
M7: Oxidation (Counterpart) B_c001-1 
949.0 46.0 LAMQEFMILPVGASSFR PREDICTED: beta-enolase [Ovis aries] (Counterpart) B_c001-2 
10 min; 6; 3 161 - 175 809.8  2 38.0 K 
VVLAYEPVWAIGTGK 
Triosephosphate isomerase 1 (tentative) 
cs39 [Ovis aries] 
T W9: Oxidation B_m002 
10 min; 6; 3 161 - 175 801.9  2 40.1 K 
VVLAYEPVWAIGTGK 
Triosephosphate isomerase 1 (tentative) 
cs39 [Ovis aries] 
T (Counterpart) B_c002 
240 min; 8; 
1 299 - 314 851.3 2 26.8 N 
NVMSGGTTMYPGIADR 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
M M3: Oxidation; Y10: Oxidation  B_m003 
240 min; 8; 
1 299 - 314 
851.4 
2 
25.0 
N 
NVMSGGTTMYPGIADR 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] M 
M3: Oxidation; M9: Oxidation 
(Counterpart) B_c003-1 
843.4 27.9 
NVMSGGTTMYPGIADR 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
M3: Oxidation (Counterpart) B_c003-2 
10 min; 3; 1 1864 - 1874 656.9 2 31.3 R LQDLVDKLQAK PREDICTED: myosin-1 [Ovis aries] V K7: Acetyl B_m013 
10 min; 3; 1 1864 - 1874 635.8 2 26.7 R LQDLVDKLQAK PREDICTED: myosin-1 [Ovis aries] V (Counterpart) B_c013 
10 min; 6; 2 101 - 117 952.5 2 36.4 K SVMLQIAATELEKGEGR PREDICTED: troponin I, fast skeletal R K13: Carboxyethyl B_m014 
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muscle [Ovis aries] 
10 min; 6; 2 101 - 113 716.9 2 37.3 K 
SVMLQIAATELEK 
PREDICTED: troponin I, fast skeletal 
muscle [Ovis aries] 
G (Counterpart) B_c014 
240 min; 4; 
2 186 - 198 841.8 2 52.6 R 
DLTDYLMKILTER 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
G K8: Carboxyethyl B_m015 
240 min; 4; 
2 186 - 193 499.7 2 32.4 R 
DLTDYLMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I 
 M7: Oxidation (Counterpart) B_c015 
240 min; 7; 
1 4 - 17 792.9 2 
48.4 
L SDGEWQLVLNAWGK RecName: Full=Myoglobin V S1: Dehydration 
B_m016-1 
240 min; 6; 
2 47.2 B_m016-2 
240 min; 7; 
1 4 - 17 801.9 2 44.5 L 
SDGEWQLVLNAWGK 
RecName: Full=Myoglobin V (Counterpart) B_c016-1 
240 min; 7; 
1 
2 - 17 
886.9 2 
46.1 
M 
GLSDGEWQLVLNAWGK 
RecName: Full=Myoglobin 
V 
(Counterpart) 
B_c016-2 
240 min; 6; 
2 45.3 B_c016-3 
240 min; 7; 
1 907.9 2 
51.5 GLSDGEWQLVLNAWGK 
RecName: Full=Myoglobin G1: Acetyl (Counterpart) 
B_c016-4 
240 min; 6; 
2 51.0 B_c016-5 
10 min; 1; 3 3666 - 3679 766.9 2 38.7 K FTSITDTPEIVLAK PREDICTED: nebulin [Ovis aries] V T5: Didehydro B_m019 
10 min; 
meat 
residue; 1 
3666 - 3679 767.9 2 37.4 K FTSITDTPEIVLAK PREDICTED: nebulin [Ovis aries] V (Counterpart) B_c019 
240 min; 1; 
1 222 - 237 
834.9 
2 
49.6 
D QIISANPLLEAFGNAK PREDICTED: myosin-1 [Ovis aries] T Q1: Gln→pyro-Glu 
B_m020-1 
240 min; 8; 
1 834.9 50.2 B_m020-2 
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240 min; 2; 
2 834.9 49.9 B_m020-3 
240 min; 3; 
2 834.9 50.0 B_m020-4 
240 min; 6; 
2 834.9 50.0 B_m020-5 
240 min; 7; 
2 834.9 50.1 B_m020-6 
240 min; 1; 
3 834.9 50.1 B_m020-7 
240 min; 3; 
3 834.9 50.0 B_m020-8 
240 min; 7; 
3 835.0 49.9 B_m020-9 
240 min; 1; 
1 
215 - 237 
826.1 
3 
46.9 
K 
MQGTLEDQIISANPLLEAFGNAK 
PREDICTED: myosin-1 [Ovis aries] 
T 
M1: Oxidation (Counterpart) 
B_c020-1 
240 min; 3; 
2 826.1 46.5 B_c020-2 
240 min; 1; 
3 826.1 46.8 B_c020-3 
240 min; 4; 
3 826.1 46.3 B_c020-4 
240 min; 1; 
1 820.8 47.4 
MQGTLEDQIISANPLLEAFGNAK 
PREDICTED: myosin-1 [Ovis aries] (Counterpart) 
B_c020-5 
240 min; 2; 
2 820.7 47.3 B_c020-6 
240 min; 3; 
2 820.7 47.3 B_c020-7 
240 min; 1; 
3 820.7 47.3 B_c020-8 
240 min; 4; 
3 820.7 47.0 B_c020-9 
240 min; 4; 219 - 234 834.8 2 50.3 D QIIQANPALEAFGNAK T Q1: Gln→pyro-Glu; N6: B_m021 
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2 PREDICTED: myosin-7 [Ovis aries] Deamidated 
Control; 4; 
2 214 - 234 
1100.5 
 2 41.2 K 
GTLEDQIIQANPALEAFGNAK 
PREDICTED: myosin-7 [Ovis aries] T (Counterpart) 
B_c021 
 
240 min; 8; 
1 
124 – 135 
698.8 
2 
40.4 
D 
QGTYEDFVEGLR 
PREDICTED: myosin light chain 1/3, 
skeletal muscle isoform isoform 1 [Ovis 
aries] 
V Q1: Gln→pyro-Glu 
B_m022-1 
10 min; 7; 2 698.9 40.1 B_m022-2 
240 min; 7; 
2 698.8 39.7 B_m022-3 
10 min; 6; 3 123 - 135 764.8 2  K 
DQGTYEDFVEGLR 
PREDICTED: myosin light chain 1/3, 
skeletal muscle isoform isoform 1 [Ovis 
aries] 
V (Counterpart) B_c022 
240 min; 8; 
1 
316 - 328 
708.9 
2 
27.7 
M 
QKEITALAPSTMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I 
Q1: Gln→pyro-Glu;  
M12: Oxidation 
B_m023-1 
240 min; 8; 
1 700.9 30.4 QKEITALAPSTMK PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
Q1: Gln→pyro-Glu 
B_m023-2 
240 min; 7; 
2 700.8 30.6 B_m023-3 
240 min; 8; 
1 317 - 328 645.3 2 24.6 Q 
KEITALAPSTMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I (Counterpart) B_c023-1 
240 min; 4 
2 318 - 328 581.3 2 
29.8 
K 
EITALAPSTMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I (Counterpart) 
B_c023-2 
240 min; 7; 
2 28.9 B_c023-3 
Cooking water proteomics 
10 min; 2 66 - 78 710.4 2 43.2 H GNTVLTALGGILK RecName: Full=Myoglobin K G1: Hex; N2: Deamidated 
B_m024-1 
10 min; 3 710.3 42.9 B_m024-2 
10 min; 2 
65 - 78 
697.4 
2 
38.6 
K 
HGNTVLTALGGILK 
RecName: Full=Myoglobin K 
(Counterpart) B_c024-1 10 min; 3 38.1 B_c024-2 
10 min; 2 725.9 39.4 HGNTVLTALGGILK RecName: Full=Myoglobin 
H1: Carbamidomethyl 
(Counterpart) B_c024-3 
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Cooking water peptidomics 
Control; 1 
141 - 154 771.4 2 
35.4 
R NDMAAQYKVLGFQG myoglobin [Ovis aries] - (Counterpart) 
B_c026-1 
Control; 2 34.8 B_c026-2 
Control; 3 34.2 B_c026-3 
10 min; 1 
142 - 154 
714.4 
2 
36.7 
N 
DMAAQYKVLGFQG 
myoglobin [Ovis aries] -  
B_m026-1 
10 min; 2 714.3 36.1 B_m026-2 10 min; 3 35.4 B_m026-3 
240 min; 1 
714.3 
38.6 B_m026-4 
240 min; 2 35.3 B_m026-5 
240 min; 3 37.7 B_m026-6 
240 min; 3 714.9 35.8 DMAAQYKVLGFQG myoglobin [Ovis aries] - Q12: Deamidated B_m026-7 
240 min; 1 
142 - 154 
722.3 
2 
35.9 
N 
DMAAQYKVLGFQG 
myoglobin [Ovis aries] 
- 
M2: Oxidation 
B_m027-1 
240 min; 2 722.4 34.4 B_m027-2 
240 min; 3 722.3 34.9 B_m027-3 
240 min; 1 722.9 35.7 
DMAAQYKVLGFQG 
myoglobin [Ovis aries] 
 
M2: Oxidation; Q12: Deamidated B_m027-4 
10 min; 1 
143 - 154 656.8 2 
34.0 
D MAAQYKVLGFQG myoglobin [Ovis aries] -  
B_m028-1 
240 min; 2 32.7 B_m028-2 
240 min; 3 33.1 B_m028-3 
240 min; 2 143 - 154 664.8 2 31.9 D MAAQYKVLGFQG myoglobin [Ovis aries] - M1: Oxidation 
B_m029-1 
240 min; 3 32.5 B_m029-2 
240 min; 3 372 - 381 567.2 2 26.9 Q SIDDMIPAQK creatine kinase M-type [Ovis aries] - M5: Oxidation B_m017 
Control; 1 
370 - 381 651.8 2 
27.3 
K 
GQSIDDMIPAQK 
creatine kinase M-type [Ovis aries] 
 
(this peptide ID came from the cooking 
water proteomic samples because none 
was identified in the peptidomic 
samples) 
- (Counterpart) 
B_c017-1 
Control; 2 30.0 B_c017-2 
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240 min; 1 
222 - 235 
735.4 
2 
58.9 
D 
QIISANPLLEAFGN 
PREDICTED: LOW QUALITY PROTEIN: 
myosin-8 [Ovis aries] 
 
For an unmodified Counterpart, refer to 
the GeLC results in this table because 
none was identified in the peptidomic 
samples. 
A Q1: Gln→pyro-Glu 
B_m030-1 
240 min; 2 735.3 57.5 B_m030-2 
Meat homogenate residue proteomics 
240 min; 3 222 - 237 834.8 2 50.2 D QIISANPLLEAFGNAK PREDICTED: myosin-1 [Ovis aries] T Q1: Gln→pyro-Glu B_m033 
240 min; 3 215 - 237 826.0 3 46.7 K MQGTLEDQIISANPLLEAFGNAK PREDICTED: myosin-1 [Ovis aries] T M1: Oxidation (Counterpart) B_c033 
a  Control or boiling time (min); the corresponding gel section/in-solution digested sample; the corresponding cooking experiment replicate # (refer to 
Supplementary data 5.1). 
b  Position of the peptide in the protein sequence. 
c  Round to the first decimal place. 
d  Charge. 
e  Retention time. 
f   Amino acid residue preceding the peptide sequence. 
g  Amino acid residue following the peptide sequence. 
h “Counterpart” refers to an “unmodified” version of the modified peptide. Refer to Section 5.3.9.3 for details. 
i  The reference # to the ProteinScape annotated MS/MS spectrum in Supplementary data 5.7. 
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 Fig. 5.5. Relative numbers of observed modified peptides in the lamb meat boiling study. * indicates this modification was only investigated in the cooking water 
peptidomic samples – the rationale is given in Section 5.4.2.1. 
 
0
1
2
3
4
5
6
7
8
9
10
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Re
pl
ic
at
e 
1
Re
pl
ic
at
e 
2
Re
pl
ic
at
e 
3
Meat (GeLC) Cooking water
(in-solution
digested)
Cooking water
(endogenous
peptides)
Meat
homogenate
residue (in-
solution
digested)
Meat (GeLC) Cooking water
(in-solution
digested)
Cooking water
(endogenous
peptides)
Meat
homogenate
residue (in-
solution
digested)
Meat (GeLC) Cooking water
(in-solution
digested)
Cooking water
(endogenous
peptides)
Meat
homogenate
residue (in-
solution
digested)
Control 10 min 240 min
# 
pe
pt
id
e 
id
en
tif
ic
at
io
n 
(c
ou
nt
)
Oxidation (FW) Oxidation (HY) Dioxidation (FWHY) Dioxidation (CM)
Trioxidation (C) W->Kynurenine Carbonyl (KR) Oxidation (M)*
Acetyl (K) Dehydrated (S) Dehydrated (T) Didehydro (T)
Hex (N-term) Carboxyethyl (K) Non-tryptic N-term Gln->PyroGlu
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Notably, Nε-carboxyethyllysine (CEL) was detected in troponin I (fast skeletal muscle) from one of the 
10 min cooking replicates and in actin from one of the 240 min cooking replicates. CEL and Nε-
carboxymethyllysine (CML) are common AGEs that have very recently been characterised in ground 
beef under pasteurisation conditions (meat sealed in cylindrical aluminium cells during heating) 
covering a wide range of heating temperatures (65-100 oC) and heating times (0-60 min) (Sun et al., 
2015). The AGEs were released by acid hydrolysis and analysed by hydrophilic interaction LC-MS/MS 
operated with multiple reaction monitoring (MRM) mode. The study showed the level of CML 
(around 10 mg/kg when heat at 100 °C for 10 min) was generally higher than that of CEL (around 7 
mg/kg when heat at 100 °C for 10 min). However, CML was not identified in the present study. 
Although the reason is not known, it is possible that trypsin digestion of the CML-carrying peptide 
might be hindered if the formation of CML is localised in parts of the protein sequence where the 
arginine residues were also modified. Using an alternative protease that does not cleave lysine and 
arginine residues, e.g., Glu-C (Meltretter et al., 2013), may be considered for future studies to 
characterise certain AGEs in cooked meat. 
CEL is formed during the reaction of methylglyoxal with lysine residues (Ahmed et al., 1997).  
Methylglyoxal is a highly reactive dicarbonyl compound that can come from the triose phosphate 
intermediates of glycolysis (dihydroxyacetone phosphate and glyceraldehyde 3-phosphate) 
(Ramasamy et al., 2006), degradation of reducing sugars that have/have not reacted with an amine 
moiety (Arena et al., 2014; Poulsen et al., 2013) and lipid peroxidation (Negre-Salvayre et al., 2008). 
One semi-tryptic peptide from myoglobin (L.SDGEWQLVLNAWGK.V) with a non-tryptic cleavage at 
the N-terminus and a dehydrated serine (serine-derived dehydroalanine) at the N-terminal residue 
was identified exclusively at 240 min cooking time. Protein hydrolysis has been observed in 
hydrothermally aged wool fabric (Solazzo et al., 2013) whereas the formation of serine-derived 
dehydroalanine has been detected in heated β-casein solutions (van Boekel, 1999).  
Cyclisation of N-terminal glutamine to pyroglutamic acid (N-terminal Gln→pyro-Glu) (Fig. 5.6) in fully 
tryptic peptides has been found in both control and cooked samples, regardless of treatments 
(Supplementary data 5.5). This is not unexpected since the condition of trypsin digestion has been 
shown to promote this cyclisation process (Dick et al., 2007). However, semi-tryptic peptides (from 
the proteomic samples) and cooking water endogenous peptides that contain this modification were 
exclusively found in the cooked samples, primarily at 240 min boiling (Fig. 5.5). In addition, the 
majority of these peptides involved cleavage at the C-terminal side of aspartic acid residue (Table 
5.5). Heating alone has been found to cause N-terminal pyroglutamic acid formation in the tripeptide 
Gln-Leu-ProNH2 in 50 mM Tris-HCl buffer (pH 7) (Fernández García et al., 2003). N-terminal 
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Gln→pyro-Glu could alter biological activity of short-chain peptides, as demonstrated by Fernández 
García et al. (2003). 
 
 
 
 
 
Fig. 5.6. Mechanism of pyroglutamic acid formation from N-terminal glutamine and glutamic acid 
(taken from Liu et al., 2011). 
Site-specific cleavage at the C-terminal side of aspartic residue has been shown to occur when 
heating the solid sample of the peptides/lysozyme for 10 sec to a final temperature of 220-250 °C 
under atmospheric condition (Zhang & Basile, 2007). The proposed cleavage mechanism via cyclic 
intermediate, as adapted from Inglis (1983) by the authors, is given in Fig. 5.7. Recently, a 
computational study using density functional theory calculation methods supported the idea that the 
cyclic intermediated hydrolysis pathway is the preferential way of peptide bond cleavage of aspartic 
acid (Sang-aroon et al., 2013). The study also suggested that cleavage at the C-terminal side of the 
residue was preferred over the N-terminal side. Taken together, the results suggested that prolonged 
boiling is capable of introducing protein cleavage and probably causing pyroglutamic acid formation 
from the N-terminal glutamine also. 
Cyclisation of N-terminal glutamic acid to pyroglutamic acid (N-terminal Glu→pyro-Glu) has been 
detected in the myosin heavy chain-derived tryptic peptide from one of the control replicates 
(Supplementary data 5.8). Chelius et al. (2006) has reported that N-terminal Glu→pyro-Glu can take 
place in vitro at fairly mild temperatures (e.g., 37 °C) and is pH dependent (more favourable at pH 4 
and pH 8 as opposed to pH 6.2). By contrasting with the study of Dick et al. (2007) on N-terminal 
Gln→pyro-Glu formation, it appears that N-terminal Glu→pyro-Glu occurs much more slowly at 
similar temperature and pH. This likely explains why much fewer tryptic peptides with an N-terminal 
Glu→pyro-Glu were detected in the present study. 
 
 
 
“Material removed due to copyright compliance”  
120 
 
  
 
 
 
 
 
 
 
 
Fig. 5.7. Proposed solution-phase reaction pathway for cleavage at aspartic acid residue (taken from 
Zhang & Basile, 2007). Reaction path “a” causes the formation of a five-member ring whereas “b” the 
formation of a six-member ring species. Hydrolysis of these cyclic intermediates leads to cleavage at 
the C- or N-terminus of the residue, respectively. 
With regard to the levels of semi-tryptic peptides, which can be used to reflect the extent of 
hydrothermal protein backbone hydrolysis (Solazzo et al., 2013), between control and boiling 
treatment samples, the 240 min GeLC samples had a higher average figure compared to the control 
and 10 min GeLC samples (Fig. 5.8). This result is somewhat consistent with the finding on the semi-
tryptic peptides with an N-terminal Gln→pyro-Glu. The non-tryptic peptides, in comparison, were 
scarce in number (≤3 per cooking replicate) regardless of treatment (Supplementary data 5.8). 
Further, no clear trend was observed among the samples.  
“Material removed due to copyright compliance”  
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 Fig. 5.8. Percentage of semi-tryptic peptide identification in the proteomic samples. Please note that 
values obtained from different experimental workflows for each cooking replicate are independent 
from each other and do not necessarily add up to 100%.   
5.4.2.2   Cooking water 
In the cooking water proteomic samples, one semi-tryptic peptide (H.GNTVLTALGGILK.K from 
myoglobin) with a deamidated asparagine residue and a +162 Da at the N-terminal residue was 
exclusively identified in two of the 10 min boiling replicates (Table 5.5). One example of the 
ProteinScape annotated MS/MS spectra of the peptide is shown in Fig. 5.9. The 162 Da mass increase 
can correspond to a glucose-derived Amadori compound, an early stage Maillard glycation adduct 
(Arena et al., 2014). The formation of this modification is initiated by the condensation of a carbonyl 
????????????????????????????????????????????????????????????????????-amino group of lysine residues 
or the protein N-terminus (Arena et al., 2014; Casey et al., 1995). The propensity of the ?-amino 
group of the N-terminal residue to form imine is expected to be considerably higher than that of an 
?-amino group because the pKa of the former is at least 2-2.5 units lower than that of the latter 
(Casey et al., 1995). Adult mammalian muscle could contain small amount of glycogen (0.1%) and 
glucose (<0.05%) even after rigor mortis (Lawrie & Ledward, 2006). Identification of a peptide with 
an internally Amadori modified lysine has been shown to be difficult under CID conditions of the iron 
trap due to the high abundance ions corresponding to furylium ion production and various degrees 
of neutral water losses, as well as a lack of sequence-informative b and y ions (Zhang et al., 2007). 
Therefore, the absence of peptide identification with an Amadori modified lysine in the present 
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study is not too surprising. However, attempts to identify a longer peptide with an Amadori modified 
N-terminus under CID conditions of an ion trap have not yet been reported, to the best of my 
knowledge. 
The level of semi-tryptic peptides is shown in Fig. 5.8. An eye-catching outlier with a relatively much 
higher level of semi-tryptic peptides was found in one of the control replicates. Around half of these 
peptides were found to be cleaved at the C-terminal side of leucine. Although the reason for the 
occurrence of this outlier was not known, it is possible that certain endogenous proteolytic system(s) 
in meat (Wolff & Dean, 1986), e.g., proteasome with chymotrypsin-like activity (Houbak et al., 2008; 
Sentandreu et al., 2002), might be at work during the “control cooking” process and the subsequent 
centrifugation. As far as proteomic profile is concerned, no marked difference was found between 
the control replicates (Supplementary data 5.4). Leaving the outlier aside, the proportion of semi-
tryptic peptides in the control and 10 min boiling treatment samples were similar while the 240 min 
boiling appeared to generate distinctly higher proportion of semi-tryptic peptides. 
Concerning the cooking water peptidomic samples, the sequence -.GLSDGEWQLVL.N (from 
myoglobin) containing two types of tryptophan oxidative modifications, double oxidation (which can 
be either dihydroxytryptophan or N-formylkynurenine, according to Dyer et al., 2010) and 
kynurenine, was detected only in the control samples. As mentioned previously (Section 5.4.2.1), the 
various steps of raw meat handling could provide opportunity for protein oxidation. Further, the 
endogenous peptides that were water soluble might have more access to the ROS. Meltretter et al. 
(2014) applying the multiple reaction monitoring-based site-specific modification analysis on β-
lactoglobulin found that these modifications were naturally present in the raw defatted milk but 
their abundance decreased significantly upon laboratory heating. The authors observed the same 
trend in the analysed commercial milk products. Their results indicated further degradation of these 
tryptophan modifications in milk had taken place during thermal treatment and the degradation 
products were apparently below the detection limit of the method employed (Meltretter et al., 
2014).  
Another peptide from myoglobin, NDMAAQYKVLGFQG, seemed to undergo progressive truncation in 
the course of boiling (Table 5.5):  
R.NDMAAQYKVLGFQG.- – found exclusively in all the control triplicates 
  
N.DMAAQYKVLGFQG.- – found exclusively in all the 10 and 240 min triplicates 
  
D.MAAQYKVLGFQG.- – found exclusively in one of the 10 min but two of the 240 min triplicates 
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As shown above, peptide cleavage occurred at the C-terminal side of aspartic acid and asparagine. C-
terminal side cleavage at aspartic acid has also been found in the GeLC samples of the cooked meat 
as already discussed in Section 5.4.2.1. The N-terminal side cleavage at the residue is theoretically 
possible (Fig. 5.7; reaction path “b”) but has not been observed in the study of Zhang and Basile 
(2007) mentioned previously in Section 5.4.2.1. On the other hand, C-terminal side cleavage at 
asparagine has been shown to occur spontaneously upon heating as discussed in the next chapter 
(the meat roasting study; Section 6.4.2.1) where this kind of cleavage was also identified in the 
cooked meat samples. Methionine sulfoxide and modification of the N-terminal Gln→pyro-Glu were 
observed after 240 min boiling (Table 5.5). These modifications have been discussed in Section 
5.4.2.1. 
Physical properties (e.g., texture, color and flavor) as well as the nutritional value of meat can be 
affected when the primary structure of meat proteins are altered (Clerens et al., 2012). For example, 
an increase in meat protein oxidation has been associated with lower water holding capacity and 
decrease in protein solubility whereas some studies showed protein oxidation contributes to the 
increased gel-forming ability (Zhang et al., 2012). Modification of the essential amino acid residues 
(tryptophan, phenylalanine, threonine, lysine and methoinine) observed after cooking in this study 
will affect the nutritional value of the meat. This issue is particularly important for amino acids that 
are already present in relative lower abundance in meat, e.g., tryptophan. In addition, certain 
modifications of the residues used by a pancreatic protease as cleavage sites, e.g., the lysine→CEL 
characterized here, result in miscleavage of the proteins and may compromise their bioavailability. 
On the other hand, in a competing process, production of smaller peptides through heat-induced 
backbone cleavage may facilitate the absorption of proteins. 
5.4.2.3   Meat homogenate residue 
In this fraction many fewer potential heat-modified peptides were detected compared to the urea-
thiourea extract and the cooking water (Table 5.5). This lack of identified protein modifications may 
imply the presence of higher level of protein cross-links and/or arginine and lysine modifications that 
require alternative approaches to characterise. In the control samples, N-terminal Glu→pyro-Glu was 
identified in a tryptic peptide from the myosin heavy chain in one of the replicates. This modification 
has been discussed earlier in Section 5.4.2.1. In the boiling treatment samples, the modification 
Gln→pyro-Glu at a non-tryptic N-terminus was uniquely found in one of the 240 min replicates. This 
modification has been discussed in Section 5.4.2.1.  
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 Fig. 5.9. ProteinScape annotated MS/MS spectrum showing a hexose glycated N-terminus from one of the two 10 min boiling treatment samples where the 
peptide was detected.  
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5.4.3 Conclusions 
In this study, the effect of short and long period of boiling on lamb meat was qualitatively examined 
using the LC-MS/MS based proteomic approaches. The SDS-PAGE profiles and MS analysis results 
demonstrated the prolonged boiling can lead to both aggregation and truncation of meat proteins. 
Several heat-induced side chain modifications were characterised in the cooked meat. A considerable 
proportion of the observed heating modified peptides identified here came from actin and 
myoglobin. Given their relatively higher abunance among the meat proteins, they could be suitable 
candidates for evaluation as robust markers of heat-induced modification in future studies.  
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5.5 Supplementary data 
Below is the list of the titles of the supplementary data for this chapter. Please refer them to the 
attached documents (in the compact disc attached to this thesis) specified under each title: 
Supplementary data 5.1. Plots of water temperature profile during cooking and cooling. 
Supplementary data 5.2. Tryptic digest dilution scheme for the GeLC samples; images of the SDS-
PAGE gels prior to slicing for GeLC; images of the analytical SDS-PAGE gel lanes for cooking replicate 2 
and 3. 
Supplementary data 5.3. False discovery rates (FDR) of the Mascot Percolator post-processed 
searches and those of the standard Mascot searches for estimating the proportion of non-/semi-
tryptic peptides in a gel lane. 
Supplementary data 5.4. Protein identification results and the number of the corresponding peptide 
identifications in each LC-MS/MS run. 
Supplementary data 5.5. Raw (ProteinScape) protein identification reports from which 
Supplementary data 5.4 was compiled. 
Supplementary data 5.6. List of additional Variable modifications that were divided into 16 groups, 
each group for one Mascot search (Sections 5.3.9.3 and 6.3.8.3). These modifications were known 
potential heating and/or reactive oxygen species-induced modifications. 
Supplementary data 5.7. ProteinScape annotated MS/MS spectra of peptides with a modification of 
interest and their unmodified counterparts. 
Supplementary data 5.8. List of non-native peptides observed in the control or both control and 
boiling treatment samples; the raw calculation for the percentage of semi-tryptic peptides. 
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Chapter 6 
Proteomic investigation of protein profile changes and amino acid 
residue-level modification in cooked lamb meat: the effect of 
roasting 
6.1 Abstract 
Dry heat treatment at elevated temperatures is a widely used approach to cook red meat. This study 
aims to examine the effect of roasting (at 195 ± 5 °C for 5 or 10 min) on protein profile change and 
selected types of amino acid residue-level modifications in lamb patties from Iongissimus thoracis et 
lumborum using a shotgun proteomic approach. In the cooked samples, aggregation/polymerisation 
of myosin heavy chains and several sarcoplasmic proteins including creatine kinase M-type and the 
glycolytic enzymes, was observed. The longer roasting time (10 min) caused a massive reduction of 
protein extractability in the urea-thiourea solution as well as protein truncation involving actin, 
alpha-actinin 2 and 3, carbonic anhydrase 3, a number of glycolytic enzymes and possibly myosin 
heavy chains. Actin appeared to be the most abundant protein in the urea-thiourea extracts of the 10 
min roasting treatment samples based on the number of non-redundant peptides identified. A 
potentially N-terminally glycated peptide was found exclusively at 5 min roasting while a 
carboxyethyllysine-containing peptide and peptides with a non-tryptic N-terminal Glu→pyro-Glu 
were only found after 10 min. These peptides came from actin and myoglobin.  
Keywords: sheep, lamb, meat, cooking, proteomics, protein modifications 
6.2 Introduction 
Red meat is often cooked using dry heat methods, i.e., without extra addition of moisture and usually 
accompanied by elevated temperatures (> 100 °C), such as roasting. Deriving from muscle tissue, red 
meat is characterised by its high protein (~21%) and water content (71-74%) (Purchas et al., 2014). It 
also contains lipids, myoglobin, oxidative enzymes as well as small amounts of reducing sugar, 
hydrogen peroxide, transition metals and ascorbate that can act as a catalyst or a potential precursor 
for the formation of ROS (Estévez, 2011; Lawrie & Ledward, 2006; Min & Ahn, 2005; Promeyrat et al., 
2013a; Promeyrat et al., 2013b; Williams, 2007) and/or the Maillard reaction (Poulsen et al., 2013).  
Heating of meat, even without addition of liquid water or steam, accelerates these reactions as 
evidenced by the increased level of the oxidative modfications of the aromatic residues (Gatellier et 
al., 2009a), the total protein carbonyl content (Bax et al., 2012), Schiff bases (Traore et al., 2012a) 
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and the Amadori compounds (Roldan et al., 2015). In addition, meat protein aggregation that can be 
attributed to both thermal denaturation and chemical modifications has also been shown to take 
place under dry heat treatment (Bax et al., 2012; Promeyrat et al., 2010b; Santé-Lhoutellier et al., 
2008; Traore et al., 2012a). Evidence of protein fragmentation has been noticed in the ESI-MS 
spectra of protein extracts from heated sheep meat sealed in cans with no addition of water (Ponce 
et al., 1994). Under prolonged dry heating at 130 °C, an isopeptide bond formed between the 
glutamine and lysine residue has been discovered in wheat gluten (moisture content 7.4%) 
(Rombouts et al., 2011). Since heat treatments of meat can have an impact on the primary structure 
of the meat proteins, which is closely associated with the nutritional and even sensory qualities of 
cooked meat, characterising cooking-induced protein modifications in meat is one of the 
fundamental steps to understand these effects.  
MS-based proteomic techniques have been widely applied to study various kinds of protein 
modifications. By accurately determining the mass to charge ratio of the analytes as well as those of 
their MS/MS fragments, they may not only reveal structural information of the modifications but also 
the identity of their protein origins and the residue positions. A small number of studies have 
adopted these tools to investigate the effect of cooking on meat without addition of water and other 
chemical/food ingredients (Sarah et al., 2013, 2014; Wen et al., 2014). The applications of proteomics 
in these studies included identifying the proteins that exhibited relatively higher heat stability (as 
assessed by gel spot/band intensity) and characterising in vitro meat protein digested products from 
meat cooked to different extent. As far as we know, there are no published reports focusing on the 
characterisation of protein primary structure modifications in raw meat (without addition of other 
ingredients) treated with dry heat using a MS-based proteomic approach. 
In this study, we intended to examine the qualitative change in meat protein profile when lamb meat 
is exposed to dry heat with high temperature similar to that used for roasting (at 195 ± 5 °C) and map 
selected non-cross-linking amino acid residue-level modifications. To minimise the heat gradient, thin 
meat patties were used for the cooking experiments, as will be described later. The meat was 
extracted in urea-thiourea solution and analysed by GeLC while the residue was examined by 1D LC-
MS/MS.  
6.3 Materials and methods 
The chemicals used and their suppliers were referred to Section 5.3. 
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6.3.1 Experimental design 
Lamb mince, pooled from five animals, was used for the study. Each cooking control/treatment was 
performed in triplicate. The triplicates of each control or treatment were analysed as outlined in 
Table 6.1. 
Table 6.1 Experimental design of Chapter 6. 
 Control  5 min 10 min Total # of 
samples for 
LC-MS/MS 
GeLC of urea-thiourea 
meat extract 
9 slices X 3 9 slices X 3 9 slices X 3 81 
In-solution trypsin 
digestion of meat 
homogenate residue 
3 3 3 9 
Total    90 
6.3.2 Lamb meat for roasting 
Refer to Section 5.3.2. 
6.3.3 Meat roasting 
An aliquot of lamb meat mince wrapped in aluminium foil was thawed at room temperature for 30 
min. Thawed meat weighing 0.6 ± 0.01 g (wet weight) was pressed and spread gently on the centre 
of a Pyrex® glass bowl to form a roughly round patty with a radius of ~12.5 mm and a thickness of 
~1.0-1.5 mm (Fig. 6.1). The rationale for shaping the meat into a thin patty is to minimise heat 
gradient through the meat. The glass bowl with meat patty was quickly placed in a convection oven 
(Sanyo MOV-112F) pre-heated to 198 ± 2 °C to reduce temperature drop, within 20 min after the 
thawing was finished. Cooking was performed for 5 or 10 min. The oven temperature was taken by 
the oven’s digital display as well as a Cole-Parmer Traceable® thermometer via a thermocouple. 
Counting of cooking time commenced once the oven temperature climbed back to 190 °C (taking 
about 20-40 sec in this study). Once the cooking time was reached, the meat was taken out and 
cooled at room temperature for 60 min. The control patties were prepared as described above and 
subjected to protein extraction (Section 6.3.4) directly, i.e., 0 min samples. Each control/cooking 
experiment was conducted in triplicate. A record of all the control/cooking experiments is given in 
Supplementary data 6.1. 
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Fig. 6.1. Meat patty samples prepared for roasting. 
6.3.4 Protein extraction 
Cooked meat was removed from the bowl within 5 min after the cooling and immersed in liquid 
nitrogen, followed by grinding into powder. The meat powder was then transferred to the urea-
thiourea solution (composition shown in Section 5.3.4) and treated as described in Section 5.3.4 
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except the raw meat weight was used to calculate the meat to extraction solution ratio and the 
protein concentration was estimated using the Bradford assay (Bradford, 1976) with slight 
modifications to accommodate the presence of urea and thiourea. Briefly, a standard curve was 
prepared using bovine serum albumin (Sigma, A-7638) dissolved in the urea-thiourea solution. 
Standard or sample of 5 μL was loaded to a well of a 96-well microtitre plate in triplicate. To each 
loaded well, 300 μL of five-fold water diluted Protein Assay Dye Reagent Concentrate (Bio-Rad, cat#: 
500-0006) was added. The plate was then incubated at room temperature without shaking for 15 
min. Absorbance was read at 595 nm within 45 min after addition of the dye reagent. 
6.3.5 SDS-PAGE 
Gel electrophoresis was performed as described in Section 5.3.5 except 10.8 μg of protein from 10 
min sample was loaded to the well of a preparative or analytical gel lane instead. Gel images prior to 
slicing for GeLC were shown in Supplementary data 6.2. The rationale for this low protein load of the 
10 min samples is given in Section 6.4.1.1.  
6.3.6 Protein digestion for LC-MS/MS analysis 
6.3.6.1   In-gel trypsin digestion 
Digestion was performed as described in Section 5.3.6.1. Each dried sample was digested with 0.2-
0.5 μg of sequencing grade trypsin (Promega) based on stain intensity (as specified in Supplementary 
data 6.2). 
6.3.6.2   In-solution trypsin digestion 
Digestion was performed as described in Section 5.3.6.2.2. Supernatant from each sample was 
divided to two aliquots of approximately the same volume and dried in the vacuum centrifuge at 30 
°C and stored at -80 °C until analysis. 
6.3.7 LC-MS/MS 
6.3.7.1   Gel samples 
Tryptic digest of each slice was re-suspended in 50 µL of 2% acetonitrile/0.5% formic acid. The 
reconstituted samples were spun down at 17,810 xg for 10 min at 4 °C. Supernatant was used for LC-
MS/MS. Dilution was performed based on stain intensity with 2% acetonitrile/0.5% formic acid as 
specified in Supplementary data 6.2. 
LC-MS/MS was carried out on a Bruker nano-Advance UHPLC (Bruker Daltonik, Bremen, Germany) 
coupled to a Bruker amaZon Speed ETD ion trap mass spectrometer. For a single LC-MS/MS run of 
each sample, 5 µL (out of 50 µL) was loaded on a C18 trap column (UHPLC Nanopeptide Trap Magic 
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C18AQ, particle size 5 µm, pore size 200 Å, Bruker Michrom) at a flow rate of 5 µL/min. The trap 
column was switched in line with an in-house packed reversed-phase analytical column (C18 Magic, 
particle size 3 µm, pore size 200 Å, ID 0.1 mm, length 150 mm). The loading and desalting solvent 
used was the same as mobile phase A (0.1% formic acid). The reverse phase elution gradient was 2-
45% mobile phase B (98% acetonitrile/0.1% formic acid) in 60 min at a flow rate of 800 nL/min at a 
column oven temperature of 50 °C. Between runs, the column was reconditioned by increasing 
mobile phase B to 95% in 2 min, holding for 3 min and brought down to 2% solvent B in 1 min. The 
column was equilibrated in 98% mobile phase A for 4 min.  
The MS/MS analysis setting was the same as described in Section 5.3.8.1 except an ESI voltage of 
1400 V was used throughout. 
6.3.7.2   In-solution digested samples 
One aliquot of dried tryptic digest was reconstituted in 2% acetonitrile/5% formic acid in a sonication 
bath kept below 25 °C for 5 min prior to vortexing. Reconstituted sample was centrifuged for 10 min 
at 4 °C at 17,810 xg. Supernatant was cleaned using a 200 µL, C18 material StageTip (Thermo 
Scientific). The cleaning procedure was carried out according to the established protocol (Rappsilber 
et al., 2007) except more washing with 0.5% formic acid was applied. After drying in a vacuum 
centrifuge, the sample was reconstituted in 50 µL of 2% acetonitrile/0.5% formic acid using 
sonication and vortexing as described above. After 5 min centrifugation at 4 °C at 17,810 xg, 5 µL of 
sample was injected for each LC-MS/MS run. LC-MS/MS method used was the same as described in 
Section 5.3.7.1.  
6.3.8 Data analysis 
MS/MS spectra of each LC-MS/MS run were converted into a peak list in mgf format using the 
DataAnalysis v4.1 software (Bruker). The data analysis strategy is summarised in Fig. 5.3. 
6.3.8.1   Standard Mascot search and creation of a small sequence database 
The procedure was the same as described in Section 5.3.9.1. The shortlist database contained 315 
sequences. 
6.3.8.2   Protein identification 
The procedure was the same as described in Section 5.3.9.2 except the shortlist database used in this 
case was the one described in Section 6.3.8.1. The FDR of the Percolator post-processed searches 
were all below 1.0% at PEP <0.05 except one, which had no hit out of the decoy searches 
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(Supplementary data 6.3). At PEP <0.01, two datasets had an FDR below 0.1% while the rest had no 
hit out of the decoy searches (Supplementary data 6.3).  
The accepted protein identifications and the number of their corresponding peptide identifications, 
according to the standard Mascot search results, in each LC-MS/MS run were summarised in 
Supplementary data 6.4. The raw (ProteinScape) protein identification reports from which 
Supplementary data 6.4 was compiled were provided in Supplementary data 6.5. 
6.3.8.3   Protein modifications 
The procedure was the same as described in Section 5.3.9.3.  
6.3.8.4   Mascot Percolator post-processed searches for protein modifications 
In order to provide larger population of MS/MS spectra for Mascot Percolator post-processed 
searching, each set of peak lists from the triplicate in-soluble samples of control or a specific cooking 
time point were merged into single files using ProteinScape. Peak lists corresponding to the section 
one to eight (counting from the top of a gel) of a single gel lane were also merged into one file. The 
ninth sections were omitted because they seemed to contain none to a very small number of 
recognisable MS/MS spectra related to meat protein, as suggested by the standard Mascot search 
results. 
The peak lists were searched against the shortlist database (Section 6.3.8.1.; The search parameters 
were: Enzyme specificity was set to trypsin with up to two missed cleavages; Monoisotopic; for gel 
samples, Fixed modification was propionamide (C) and Variable modifications were deamidation 
(NQ), hydroxylation (P), oxidation (M) and one additional modification from one of the following: 
single oxidation of C, F, H, W or Y; double oxidation of C, F, H, M, P, W or Y; trioxidation of C, W or Y; 
γ-glutamic semialdehyde (R), pyrraline (K), quinone of W or Y), PhIP (C), MG-H1 (R), malondialdehyde 
(K), kynurenine (W), hydroxykynurenine (W), HNE (K), GH-1 (R), dehydroalanine of C or Y, 
dehydration of T or S, CML, CEL, CMA, argpyrimidine (R), acetyl (K), aminoadipic acid (K); for in-
solution trypsin digested samples, Fixed modification was carbamidomethylation (C) and Variable 
modifications were the same as those of the gel samples except carbamidomethylation (N-term) was 
also included; MS error tolerance, 1.3 Da; MS/MS error tolerance, 0.3 Da; peptide rank cut-off, one. 
Peptide IDs longer than eight residues with a PEP <0.05 were accepted for further analysis. Protein 
score (after Mascot Percolator adjustment) threshold was 20. 
The purpose of this additional database search was to cover more potentially modified peptides that 
might not have been picked up by the standard Mascot search strategy (Section 6.3.8.3). The mass 
error tolerance was expanded to cover potential peptides that were assigned with a monoisotopic 
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peak within the isotopic distribution. This was the reason why the modifications of 1 Da were not 
compared between samples in this research programme. The enzyme specificity was changed to 
“trypsin” from “semi-trypsin” because in some cases the Percolator assessment appeared to become 
more stringent when “semi-trypsin” was used as opposed to “trypsin”, as indicated by the numbers 
of peptides identified above a given PEP threshold. The high stringency was not required in this case 
since the manual evaluation would be applied.  
The search results were compiled and manually assessed as shown in Section 5.3.9.3. 
6.3.8.5   Estimation of % non-/semi-tryptic peptides 
The procedure was the same as described in Section 5.3.9.4 except the shortlist database used in this 
case was the one described in Section 6.3.8.1. The FDR of the standard Mascot searches for the GeLC 
samples ranged from 2.9% to 9.1% based on identity threshold (Supplementary data 6.3). 
6.4 Results and discussion 
This study aimed to better understand the effect of roasting, a commonly practiced dry heat cooking 
method, on the primary structure of red meat proteins using an MS-based proteomic approach. 
Roasting as a meat cooking method implies heating at oven temperatures between 180-200 °C that 
usually brings about a core temperature of around 68-72 °C (Roldan et al., 2015). In this study, we 
focused on the high temperature aspect of roasting treatment because protein modifications at the 
boundary of roast meat is currently poorly understood at molecular level. For this reason, thin meat 
patties were used for the roasting (Section 6.3.3). This particular set-up was somewhat similar to that 
of Gatellier et al. (2010; 2009b) who used very thin beef slices (1-2 mm) for cooking by hot jets of 
steam. Here, after the cooking and the subsequent cooling, the whole meat patty was extracted in 
the urea-thiourea solution for the GeLC analysis while the residue was washed with water and 
organic solvents for the direct LC-MS/MS analysis. The denaturing character of the urea-thiourea 
solution was anticipated to solubilise the bulk of myofibrillar and sarcoplasmic proteins from raw 
meat.  
The results are presented and discussed below in terms of 1) change in proteomic profile and 2) 
protein modification identified. 
6.4.1 Proteomic profile changes in response to roasting 
6.4.1.1   GeLC of meat protein extract 
The SDS-PAGE revealed differences in protein profiles between the control and roasting treatment 
samples (Fig. 6.2; gel images for the other two cooking replicates are given in Supplementary data 
6.2). The overall banding patterns within the replicates were similar. The banding pattern of the 
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control largely resembled that of the control for the boiling study (Fig. 5.4) with minor differences in 
the intensity of a few bands. These bands, with estimated Mr of 48, 25, 20 and 14 kDa, exhibited 
lower intensity in the boiling control due to the extraction of the water-soluble proteins from the 
meat as already addressed in Section 5.4.1.1. The pattern of the 5 min roasting treatment sample 
resembled that of the 10 min boiling treatment sample (Fig. 5.4). At 10 min, only the smearing bands 
found below the 50 kDa marker could be visualised. The GeLC results showed that the control and 
the 5 min roasting treatment samples had a comparable number of protein identifications with 
around 10% of them being different from each other (Table 6.2). The 10 min had a much lower 
number of proteins identified. 
 
Fig. 6.2. Representative analytical SDS-PAGE gel lanes of lamb meat protein extracts (from cooking 
replicate 2; refer to Supplementary data 6.1). Red marks on the left hand side of the image indicate 
the approximate position of gel sections from the preparative lanes sliced for proteomic analysis. A 
number of major protein bands were annotated based on the literature (Han et al., 2009; Wen et al., 
2014). 
 
Myosin light chain 1/3, skeletal 
muscle isoform 
Actin and creatine kinase M type  
(theoretical Mr = 42 and 43 kDa, 
respectively) 
Myosin heave chain 
α-Actinin 
Myoglobin 
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The massive reduction in observable protein bands and protein identifications were probably caused 
by the increase in heat-induced cross-link formation, especially that involving arginine and/or lysine 
(Arena et al., 2014; Gatellier et al., 2009b; Rombouts et al., 2011). These kinds of modification should 
impair trypsin digestion and probably also decrease the extractability in the urea-thiourea solution. 
The average protein concentration of the 10 min samples was about 11 fold less than that of the 
control or 5 min samples (Table 6.3). This loss of protein extractability was also reflected by the 
larger size of their insoluble residues that exhibited a distinct brownish-yellow colour (Fig. 6.3). 
Hayase et al. (1975a) using gel filtration had observed seemingly polymerised and degraded products 
after dry heating lysozyme at 180 °C for 20 min. A concomitant increase in the amount of 
(unspecified) radicals had also been detected. Interestingly, decreased solubility of the heated 
lysozyme (for 20 min) in 8 M urea was reported at 190 °C but not 180 °C. In addition to the high 
temperatures involved in roasting, the low moisture environment might also promote protein 
modifications, as suggested by Roubal (1970) using lipid-protein systems.  
                                                                    
A protein precipitation step for sample concentration was not performed before gel loading in order 
to prevent potential selective protein loss. Consequently, the protein load of the 10 min samples for 
the SDS-PAGE was compromised (Section 6.3.5). The variation in the protein concentration between 
the 10 min replicates was greater than those of the 5 min samples, as shown in Table 6.2. The meat 
samples after 10 min roasting probably had shrank in size as supported by their smaller weights 
caused by dehydration compared to the controls (Supplementary data 6.1) thus more prone to loss 
during sample grinding, transfer and extraction. 
Fig. 6.3. Supernatants and insoluble 
residues from the control and 
roasted meat homogenates (Section 
6.3.4). Top row: control replicates. 
Middle row: 5 min roasting 
replicates. Bottom row: 10 min 
roasting replicates. Left column: 
supernatants. Right column: wet 
insoluble residues obtained from 350 
µL of homogenate/sample upon 
centrifugation (17,810 xg, 15 °C, 20 
min).  
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Table 6.2 Number of proteins identified in the GeLC and meat homogenate residue. 
  Proteins identified 
in each replicate 
 
Mean (n = 3)   
 
Standard deviation  
(round to whole 
number) 
Proteins 
exclusive to 
control or a 
treatment 
 Cooking 
replicate 
# 
GeLCb In-solu. 
resiDc 
GeLC In-solu. 
resiD 
GeLC In-solu. 
resiD 
GeLC In-solu. 
resiD 
Control 1 121 39 126 39 7 4 12 4 
2 122 42       
3 134 35       
5 min 
roasting 
1 125 44 123 43 2 2 12 5 
2 121 41       
3 124 45       
10 min 
roasting
a 
1 43 49 41 45 3 4 1 14 
2 43 41       
3 37 44       
a  For the GeLC experiments, the protein loads were ~9.3 fold less than those of the control or 5 min 
samples (Section 6.3.5). 
b  GeLC experiments of urea-thiourea extracts. 
c  Meat homogenate residue in-solution digested proteomic experiments. 
Table 6.3 Estimated protein concentrations of urea-thiourea extracts. 
Treatment 
Cooking replicate # 
Mean Standard deviation 1 2 3 
Protein concentrations (μg/μL) 
Control 9.06 9.17 9.98 9.40 0.50 
5 min roasting 9.15 9.56 9.74 9.48 0.30 
10 min roasting 1.08 0.85 0.60 0.84 0.24 
 
A significant reduction in protein extractability was observed between the 5 min and 10 min roasting 
treatment samples (Table 6.3) even though the difference of cook loss (of weight; calculated from 
Supplementary data 5.1, according to the equation stated in Huang et al. (2011a)) between the two 
treatments was relatively much smaller: while the 5 min samples had comparable protein 
extractability to that of the control, they exhibited a high average cooking loss of 70.0% (± 1.5% 
standard deviation, n = 3). On the contrary, the 10 min samples had an average cooking loss of 75.1% 
(± 0.2% standard deviation, n = 3) but their protein extractability was largely reduced as opposed to 
the control. Since raw lean lamb cuts contain 71-74% water (Purchas et al., 2014), the 10 min 
samples would have lost a significant proportion of their water.  
Five regions across the SDS-PAGE gel lanes showed distinct changes in banding patterns in response 
to roasting (Fig. 6.2; Supplementary data 6.2). These changes, along with the potentially related GeLC 
results, are summarised in Table 6.4. 
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A few observations on the 10 min roasting GeLC results are worth noting. Firstly, the major red meat 
collagens, type I and type III (Light & Champion, 1984), were almost exclusively identified at this 
cooking time point (one peptide from type I collagen was found in two of the control samples). This 
indicates the heating has probably solubilised the collagens (Bejerholm et al., 2014; Li et al., 2010) 
and improved their extractability. In contrast to the cooking water in the meat boiling study (Section 
5.4.1.2) where only the type I collagen was found, the type III collagen identified here supports the 
findings of Burson and Hunt (1986) that type III collagen is more heat resistant than type I collagen. 
Secondly, several sarcoplasmic proteins were found to undergo both truncation (most of them 
already mentioned in Table 6.4) and potential aggregation/polymerisation in all the 10 min replicates 
based on the distributions of the peptide IDs along the gel lanes between the control and cooked 
samples. They were all from glycolytic enzymes: L-lactate dehydrogenase A chain isoform 1, beta-
enolase, fructose-bisphosphate aldolase A isoform 1, pyruvate kinase isozymes M1/M2 isoform 4, 
glyceraldehyde-3-phosphate dehydrogenase and triosephosphate isomerase 1. All these proteins 
were found to be involved in aggregation/polymerisation but not truncation at 5 min in at least two 
of the replicates. The abundant sarcoplasmic proteins, creatine kinase M-type and phosphoglycerate 
mutase 2, seemed to aggregate/polymerise at both 5 and 10 min in at least two of the replicates but 
it was uncertain whether they had been truncated by the roasting based on the GeLC results. Thirdly, 
the sarcoplamic proteins carbonic anhydrase 3 and 6-phosphofructokinase and the myofibrillar 
proteins alpha-actinin-3 and alpha-actinin-2 isoform 1 seemed to be truncated in all replicates. 
139 
 
Table 6.4 A summary of the five regions across the SDS-PAGE gel lanes that showed distinct changes in banding patterns in response to roasting, along with the 
GeLC results that are potentially related to these changes (refer to Section 6.4.1.1). Note the GeLC results were obtained from gel sections whose approximate 
positions were indicated by the red marks on the left hand side of the images. 
Image of the representative gel (refer 
to Fig. 6.2 for a larger version; the 
images of the other replicates were 
given in Supplementary data 6.2) 
Approx.  
position 
in a gel 
lane 
 
Changes observed (refer to Supplementary 
data 6.4 for the GeLC results) 
 
Interpretation of the changes observed 
 
1: top gel 
section/ 
circled by 
the red 
box 
A. The 5 min samples showed higher stain 
intensity on the very top of the gel lanes as 
well as tinge of high Mr smearing. These 
samples had obviously more peptide IDs 
derived from myosin heavy chains but 
around half less from 
sarcoplasmic/endoplasmic reticulum calcium 
ATPase 1 isoform 1 compared to the controls.  
 
B. At 10 min, no sarcoplasmic/endoplasmic 
reticulum calcium ATPase 1 isoform 1 and 
only a few myosin heavy chain-derived 
peptides were identified in this gel section. 
 
C. The 5 min and 10 min samples contained 
more actin-derived peptides in this region 
than the control samples. 
 
A. The myosin heavy chain probably had undergone protein 
aggregation/polymerisation due to heating whereas the 
reduction of the ATPase-derived peptide IDs might be caused 
by unaccounted protein modification or by an increased 
competition for data-dependent acquisition when the level of 
the myosin peptides rose. 
 
The presence of high Mr aggregate/polymer involving myosin 
heavy chains in the control was also noted in the meat boiling 
study (Section 5.4.1.1). 
 
B. This could probably be explained by the decreased 
extractability due to increased cross-link formation. 
 
C. This indicated the protein was also involved in the heat-induced 
aggregation/polymerisation. 
2: Gel 
section 2/ 
circled by 
the orange 
box 
A. The only thick band above the 250 kDa 
marker in the controls became fainter at 5 
min and disappeared at 10 min of roasting. 
Notable reduction in titin-derived peptides 
was seen in the gel section at 5 min roasting. 
A. This finding is likely to be related to titin, the third most 
abundant muscle after actin and myosin (Clark et al., 2002), 
based on the GeLC results. It is uncertain whether the “lost” 
titin had turned into aggregate and/or fragments at 5 min 
roasting, according to the number of peptide IDs in each gel 
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At 10 min, most of the titin peptide IDs have 
gone from the entire gel lanes. 
slice.  
 
The lower protein load of the 10 min samples could contribute 
to the lower number of peptide IDs but this can also be viewed 
as a direct consequence of the loss of protein extractability in 
the urea-thiourea solution, as already discussed.  
 
A similar change in the band’s intensity was also observed in 
the SDS profile of the 10 min boiling treatment samples (Fig. 
5.4; Supplementary data 5.2) but the overall GeLC results did 
not show a difference (Supplementary data 5.4) because of the 
gel section size for two of the replicates (Supplementary data 
5.2) was not narrow enough.  
 
Titin has been shown using SDS-PAGE and Western blots to be 
more susceptible to aggregation and truncation when heating 
beef at 73 °C compared to the other major myofibrillar 
proteins, e.g., the myosin heavy chain (Fritz et al., 1992). In that 
study, the fragments as well as the high Mr aggregate of titin 
were both observed at as early as 15 min of the heating. 
3: Gel 
section 3/ 
circled by 
the yellow 
box 
A. A thick intense band at an estimated Mr of 
135 kDa in control turned into a few thin 
bands at 5 min. For the control and the 5 min 
samples, the most abundant protein found in 
this gel section was myosin heavy chains. 
A. The GeLC results from the cooking replicates 2 and 3 indicated 
the protein may be involved in this band quality change as at 
least 30 more peptides were found in the control. It is possible 
that some of the myosin heavy chain in this region at 5 min had 
aggregated/polymerised and gone to the top of the gel lane, 
where more myosin heavy chain peptides were found 
compared to that of the control, as already mentioned. This 
difference was not obvious in the cooking replicate 1 probably 
because the gel slice seemed to have incorporated some part of 
the conspicuous myosin heavy chain band between the 150 kDa 
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and 250 kDa markers. 
4: Gel 
section 4/ 
circled by 
the green 
box 
 
A. The many distinct fine bands near the 75 kDa 
marker in control were turned to a few bands 
at 5 min roasting. 
A. It appeared myosin heavy chains were again involved in the 
change as at least 11 more peptides in average were found in 
the controls than in the 5 min samples. 
5: Gel 
section 8/ 
circled by 
the blue 
box 
 
A. Several not so well defined, faint bands in the 
controls below the 15 kDa marker diminished 
at 5 min cooking. 
A. Candidates that may account for this finding included myosin 
heavy chains, pyruvate kinase isozymes M1/M2 isoform 4 
(theoretical Mr = 58 kDa), beta-enolase (theoretical Mr = 47 
kDa), fructose-bisphosphate aldolase A isoform 1 (theoretical 
Mr = 39.4 kDa), L-lactate dehydrogenase A chain isoform 1 
(theoretical Mr = 36.6 kDa) and histone H4-like (theoretical Mr = 
11.4 kDa). The occurrence of these proteins, except the histone, 
in the low Mr gel section of the control samples was probably 
the result of post mortem proteolysis.  
 
At 5 min roasting, these protein fragments probably were 
involved in aggregation/polymerisation and/or lost as exudate 
during heating and not identified in the meat. At 10 min, these 
proteins, except the histone, re-appeared. This time their 
presence was probably a result of heat-induced protein 
truncation because the major proportion of the proteins were 
no longer extractable by this stage. 
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The proteins that appeared to exhibit relatively better heat stability to the water boiling, actin, 
myoglobin and triosephosphate isomerase 1 (Section 5.4.1.1), were also present in all 10 min 
triplicates. In the control samples, actin was identified in multiple gel sections at Mr both higher and 
lower than its theoretical Mr (42 kDa), similar to the case of myosin heavy chains. Possible 
explanations for this observation have been proposed in Section 5.4.1.1. For all the control and 
roasting treatment samples, the gel section that contained the highest number of actin-derived 
peptides was Gel section 5, where a defined band between 37 kDa and 50 kDa in the control and 5 
min samples resided (Fig. 6.2; Supplementary data 6.2). For 10 min samples, the number of actin-
derived peptide IDs in Gel section 5 remained comparable to those of the control and 5 min samples. 
This indicates the actin has relatively higher extractability in the urea-thiourea solution after more 
intense heat treatment. The GeLC results implied actin aggregation/polymerisation seemed to have 
occurred at 5 min roasting whereas at 10 min actin truncation was also noted (Supplementary data 
6.4). Sarah et al. (2013) using 2-DE in conjunction with MALDI-TOF/TOF in goat longissimus thoracis 
heated at 100 °C (30 min) or autoclaved at 121 °C at 15 psi (20 min) without addition of water 
showed a significant decrease in the actin spot intensity regardless of treatment types and the 
autoclaving reduced the spot intensity more than 100 °C. However the study specifically focused on 
actin and did not compare other proteins. 
In the control samples, myoglobin was identified solely in Gel sections 7 and 8. The protein probably 
came from the most distinct band (estimated Mr = 14 kDa but the actual value should be higher 
according to the visual observation) between 15 and 20 kDa markers (Fig. 6.2; Supplementary data 
6.2) according to the GeLC results and the results of the meat boiling study (Section 5.4.1.1). The 
protein had displayed signs of aggregation/polymerisation in all the 5 and 10 min samples. However, 
it was not certain whether this protein has been truncated by heating based on the number of 
peptide IDs between the control and roasting treatment samples. Triosephosphate isomerase 1 in 
the control was only identified in Gel section 6, which should cover its theoretical Mr. Its protein 
profile change based on the GeLC results has already been mentioned in this section. For these 
sarcoplasmic proteins, the 10 min roasting applied in this study had markedly reduced the number of 
peptide IDs in the Gel sections that were likely to cover their theoretical Mr.  
The myosin light chain 1/3, skeletal muscle isoform, and fast skeletal myosin light chain 2 were also 
both identified in all the 10 min samples. Like the two sarcoplasmic proteins mentioned in the 
previous paragraph, the 10 min roasting had markedly reduced the number of peptide IDs in the Gel 
sections that were likely to cover their theoretical Mr. The former, but not the latter, showed obvious 
sign of aggregation/polymerisation in all the 5 and 10 min samples according to the GeLC results. 
Again, it was not certain whether these proteins have been truncated by heating since protein 
fragments were observed in both the control and roasting treatment samples. Myosin light chain 3, 
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which has been shown to be more heat tolerant by SDS-PAGE when pork was cooked to 100 °C 
compared to other major meat proteins (Wen et al., 2014), was not identified in this study. 
In a recent study using 2-DE in conjunction with MALDI-TOF/TOF, seven proteins were found to 
display higher heat stability based on spot intensity after autoclaving one gram of cryo-pulverised 
goat longissimus thoracis at 121 °C at 15 psi without additional water for 20 min (Sarah et al., 2014). 
Among them, five were myofibrillar and two were sarcoplasmic proteins, including actin and 
myoglobin. Nevertheless, the heat treatment has caused significant reduction in their spot intensity 
except the two myosin light chains and tropomyosin alpha-chain. Curiously, these three myofibrillar 
proteins clearly showed a lower number of peptide IDs and sequence coverage after the heat 
treatment but this was not the case for the actin and myoglobin.   
6.4.1.2   Meat homogenate residue 
In this fraction, all the proteins identified here could also be found in the urea-thiourea extract 
except histone 1 family member partial (found exclusively in all the control and 5 min samples) and 
collagen alpha-2(IV) chain (found only in one control replicate) (Supplementary data 6.4). Here, more 
proteins were solely found in the 10 min samples than in the control and 5 min samples, as opposed 
to the GeLC samples (Table 6.2). This implies that some proteins could have become less soluble at 
the 10 min roasting in the urea-thiourea solution. Indeed, for the 10 min samples this fraction should 
comprise the bulk of the meat proteins due to the drastic loss in the extractability (mentioned in 
Section 6.4.1.1). 
The presence of the peptide IDs from many sarcoplasmic and myofibrillar proteins in this fraction 
(Supplementary data 6.4), particularly for the control and 5 min samples, should at least in part come 
from the proteins precipitated from the residue urea-thiourea extract during the pellet washing with 
water. This observation has been discussed in Section 5.4.1.3. This effect should be much less 
pronounced in the 10 min samples because their urea-thiourea extracts had lower protein 
concentrations (Table 6.3). Even so, all the 10 min samples had a higher number of peptide IDs from 
the major meat proteins than in the controls. These proteins included the myofibrillar proteins titin, 
myosin heavy chains, actin, myosin light chain 1/3 skeletal muscle isoform, fast skeletal myosin light 
chain 2, TPM1 (tropomyosin alpha-1 chain), tropomyosin beta chain isoform 1 and troponin C, as well 
as the sarcoplasmic proteins triosephosphate isomerase 1, glucose-6-phosphate isomerase, L-lactate 
dehydrogenase A chain isoform 1, beta-enolase and pyruvate kinase isozymes M1/M2 isoform 4. In 
addition, heat shock protein B1 was only identified in the 10 min samples. This protein was identified 
in the urea-thiourea extracts of all the control and roasting replicates. These results indicate these 
proteins may have undergone aggregation/polymerisation during the 10 min roasting.  
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At the 5 min roasting, some of the proteins mentioned in the preceding paragraph, the actin, myosin 
heavy chains and titin, also exhibited a higher number of peptide IDs in all the replicates than in the 
controls.  
More nebulin-derived peptides were found in the meat homogenate residue of control and 5 min 
samples (around 9-18 per LC-MS/MS run) than in the corresponding GeLC results, as was also 
observed in the meat boiling study (Section 5.4.1.3). This did not happen to the highly abundant 
myofibrillar proteins including myosin heavy chains, actin and titin. This observation had been 
discussed in Section 5.4.1.3. At 10 min roasting, the number of the nebulin peptides was largely 
reduced whereas in the GeLC results no nebulin was detected. Perhaps the protein had become too 
modified and/or truncated to be identified by this stage. 
The major meat connective tissue collagens, collagen type I and type III, were identified in all the 
control and 5 min samples, as well as in one of the 10 min replicates with a much lower number of 
peptides. This low number of the collagen peptide IDs at 10 min in the meat homogenate residue 
might be caused by the heat-induced solubilisation in the extraction solution (discussed in Section 
6.4.1.1) and the aggregated abundant meat proteins whose peptides out-competed those of the 
collagens for the data acquisition. In comparison, the GeLC results only contained one peptide from 
the type I collagen identified in two of the controls and none in the 5 min samples while both types 
of collagen were identified in the 10 min samples as discussed above. 
6.4.2 Heat-induced modifications 
The summary list of peptides with modification of interest and were solely detected in the roasting 
treatment samples is presented in Table 6.5. The rest of the observed non-native peptides, including 
those observed in the control uncooked samples, are presented in Supplementary data 6.7. The 
number of these modified peptides is summarised in Fig. 6.4. 
Overall, the number of peptides with heat-induced modification identified by the standard Mascot 
searches (Section 6.3.8.3) was less than expected. Hence, Mascot Percolator post-processed searches 
(Section 6.3.8.4) were performed to see if any peptides of interest that had not been picked up or 
had been given an ion score <40 by the standard Mascot searches could be identified. As a result, a 
smaller number of additional modified peptides were identified and presented in the lists specified in 
the preceding paragraph. 
6.4.2.1   GeLC of meat protein extract 
Concerning oxidative modification (excluding single oxidation of methionine and single oxidation of 
proline/lysine in collagens, see Section 5.3.9.3 and 5.4.2.1 for the reason) in the controls, an arginine-
derived protein carbonyl, γ-glutamic semialdehyde (GGS) (Estévez, 2011), was found in a myosin 
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heavy chain peptide from one of the replicates (Supplementary data 6.7). Background level of GGS in 
raw lamb loins was reported by Roldan et al. (2014) as 0.02 ± 0.01 nmol/mg protein (that would be 
an average of 0.002 GGS group per 100 kDa protein molecule as calculated based on Møller et al., 
2007). By sous-vide cooking the meats with different combinations of temperature (60, 70 and 80 °C) 
and time (6, 12 and 24 h), the authors found all the cooked samples contained higher levels of the 
semialdehyde than those of the raw meat. However, only the 60 °C cooking resulted in a time-
dependent increase. At 80 °C, the level of the semialdehyde was initially higher than that of 60 °C but 
decreased with the cooking time. It appears further reactions were involved in relation to cooking 
temperature, given that the DNPH values showed an increase with cooking time regardless of the 
cooking temperature (Roldan et al., 2014). The cooking conditions employed here (dry heat at higher 
cooking temperature and shorter cooking time) were quite different and their effects on the 
evolution of protein carbonyls require further work to clarify. Cysteine-derived sulphonic acid 
(trioxidation of a cysteine residue) was identified in a myosin heavy chain peptide from one of the 
cooked samples. However, this modified peptide is unlikely to be a result of the roasting because it 
has also been detected in the meat homogenate residue of one of the controls. This protein 
modification can form in vivo but may also be induced by heating as discussed in Section 5.4.2.1. 
No oxidatively modified aromatic residues were identified in either the control or roasting treatment 
samples. Aromatic residue modifications have been reported in cooked red meat (Deb-Choudhury et 
al., 2014; Gatellier et al., 2009a; Gatellier et al., 2010; Section 5.4.2.1). The stability of the residues 
during cooking ranked tryptophan > phenylalanine > tyrosine (Gatellier et al., 2009a). However, 
oxidation to these residues occurs as a cascade with progressively severe modification eventually 
resulting in products that are no longer able to be characterised using this proteomic approach. This 
result is therefore consistent with very high levels of damage to sensitive amino acid residues so that 
early oxidation products, such as those evaluated in this work, are no longer present. Previous work 
on the photochemistry underpinning oxidative modification of proteins subjected to UVB irradiation 
revealed that oxidative modification takes place as such a cascade of progressive modification 
(Clerens et al., 2012), as exemplified in Dyer et al. (2010) for tryptophan and tyrosine residues. Under 
severe treatments like roasting, it would be expected that the initial oxidation products formed will 
often be further modified far down the degradation pathways until unable to be identified. 
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Table 6.5. Peptides with heat-induced modification found in the roasting treatment samples only. Oxidative modifications were indicated in bold font. 
“Unmodified” peptide counterparts are indicated in Italic font and with grey background. 
Treatmenta Positionb m/zc zd RTe 
(min) 
RfNf Peptide sequence and protein of origin RfCg Modification(s)h Tag #i 
GeLC of meat (urea-thiourea extract)  
5 min; 7; 2 66 - 78 710.4 2 38.3 H GNTVLTALGGILK RecName: Full=Myoglobin K G1: Hex; N2: Deamidated R_m002 
5 min; 7; 2 65 - 78 697.4 2 34.0 K HGNTVLTALGGILK RecName: Full=Myoglobin K (Counterpart) R_c002 
10 min; 7; 1 
228 - 240 
655.2 
2 
15.2 
N 
EMATAASSSSLEK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
S E1: Glu→pyro-Glu;  
M2: Oxidation 
R_m004-1 
10 min; 7; 2 655.3 15.1 R_m004-2 
Control; 5; 1 
218 - 240 
850.7 3 37.6 
K 
LCYVALDFENEMATAASSSSLEK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] S 
C2: Propionamide (Counterpart) R_c004-1 
5 min; 5; 1 851.1 3 37.3 
LCYVALDFENEMATAASSSSLEK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
C2: Propionamide; N10: 
Deamidated (Counterpart) R_c004-2 
10 min; 8; 2 329 - 337 554.8 2 23.4 K 
IKIIAPPER 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
K K2: Carboxyethyl R_m006 
10 min; 8; 2 331 - 338 462.2 2 13.9 K 
IIAPPERK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
Y (Counterpart) R_c006 
10 min; 
Mascot 
Percolator; 2 
318 - 328 
 
572.8 
 2 23.5 K 
EITALAPSTMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I S8: Dehydrated R_m009 
10 min; 5; 2 318 - 328 581.3 2 21.5 K 
EITALAPSTMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I  (Counterpart) R_c009 
Meat homogenate residue proteomics 
10 min; 186 - 198 842.4 2 48.6 R DLTDYLMKILTER G K8: Carboxyethyl R_m023-1 
147 
 
Mascot 
Percolator 
(tracked down 
to Cooking 
replicate 2) 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
10 min; N/A; 3 841.9 48.5 R_m023-2 
10 min; 5; 3 186 - 193 499.7 2 30.5 R 
DLTDYLMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I (Counterpart) R_c023-1 
10 min; 5; 3 186 - 193 507.7 2 24.5 R 
DLTDYLMK 
PREDICTED: actin, alpha skeletal muscle 
isoform 1 [Ovis aries] 
I M7: Oxidation (Counterpart) R_c023-2 
10 min; N/A; 2 7 - 17 663.3 2 44.3 G EWQLVLNAWGK RecName: Full=Myoglobin V E1: Glu→pyro-Glu 
R_m024-1 
10 min; N/A; 3 663.2 2 44.1 R_m024-2 
10 min; N/A; 2 2 - 17 886.9 2 40.3 M GLSDGEWQLVLNAWGK RecName: Full=Myoglobin V (Counterpart) R_c024-1 
5 min; 7; 2 4 - 17 801.8 2 37.2 L SDGEWQLVLNAWGK RecName: Full=Myoglobin V (Counterpart) R_c024-2 
5 min; N/A; 1 66 - 78 710.4 2 38.5 H GNTVLTALGGILK RecName: Full=Myoglobin K G1: Hex; N2: Deamidated R_m025 
5 min; N/A; 1 65 - 78 697.4 2 34.2 K HGNTVLTALGGILK RecName: Full=Myoglobin K (Counterpart) R_c025 
a  Control or roasting time (min); the corresponding gel section/in-solution digested sample; the corresponding cooking experiment replicate # (refer to 
Supplementary data 6.1). 
b  Position of the peptide in the protein sequence. 
c  Round to the first decimal place. 
d  Charge. 
e  Retention time. 
f  Amino acid residue preceding the peptide sequence. 
g  Amino acid residue following the peptide sequence. 
h  “Counterpart” refers to an “unmodified” version of the modified peptide. Refer to Section 5.3.9.3 for details. 
i  The reference # to the ProteinScape annotated MS/MS spectrum in Supplementary data 6.6. 
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 Fig. 6.4. Relative numbers of observed modified peptides in the lamb meat roasting study. 
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Some specific further examples of modifications which would likely hinder the characterisation of 
primary oxidation products in residue side-chains under severe oxidative insult include: formation of 
non-reducible protein cross-links (such as the heat-induced isopeptide bonds ε-(γ-glutamyl)lysine 
(Rombouts et al., 2011); the covalent bonds formed between the aldehyde moiety from specific 
protein carbonyls and another protein-bound carbonyl or amino group via aldol condensation or 
Schiff base structures, respectively (Estévez, 2011); cross-link type AGEs (Arena et al., 2014; Poulsen 
et al., 2013); direct interaction of two carbon-centred radicals and interaction of the amino group 
from a lysine residue with a protein-bound lipid peroxidation product-derived aldehyde (Stadtman & 
Levine, 2003)) as well as the heat-induced/mediated non-crosslinking type modifications of lysine 
and arginine residues (Frolov et al., 2014; Gatellier et al., 2009b; Roldan et al., 2014; Sun et al., 2015; 
Traore et al., 2012a). These types of modification may undermine the trypsin digestion and/or 
produce peptides unsuitable for the subsequent MS-based identification.  
The lysine carbonyl (Xu & Chance, 2007) identified in both the control and cooked samples of the 
meat boiling study (Section 5.4.2.1) was not detected here. This is probably because this modification 
was present in low relative abundance. The handling time of the controls at room temperature here 
was shorter compared to those of the boiling study that involved stirring in water whereas the 
different cooking conditions might at least partly have an impact on its formation and/or accessibility 
for proteomic analysis. 
With respect to the other types of modifications, a myoglobin-derived semi-tryptic peptide with a 
deamidated asparagine residue and a +162 Da (correspond to a glucose-derived Amadori compound) 
at the N-terminal residue, H.GNTVLTALGGILK.K, was identified in one of the 5 min roasting replicates. 
This same peptide with the same modifications has also been found in two of the 10 min boiling 
cooking water samples, as already discussed in Section 5.4.2.2. Decomposition of Amadori 
compounds can produce highly reactive α-dicarbonyls, some of which (e.g., methylglyoxal) are 
known precursors of aroma-active compounds and of AGEs (Roldan et al., 2015). 
CEL was found in an actin peptide from one of the 10 min roasting replicates (Table 6.5). This AGE, 
along with another AGE CML, has been found and quantified in ground beef cooked under 
pasteurisation conditions (Sun et al., 2015; see Section 5.4.2.1 for more details) and characterised in 
the proteins Ara h 1 and Ara 3 from roasted peanuts (Hebling et al., 2013). However, CML was not 
detected in the present study. In a very recent study, CML was detected in the sous-vide cooked and 
roasted (at 180 °C until reaching an internal temperature of 73 °C) lamb loins and their amounts were 
found to be 0.40 and 0.41 mg/kg protein, respectively (Roldan et al., 2015). CML has not been 
detected in the meat boiling study (Section 5.4.2) either. This discrepancy has been discussed in 
Section 5.4.2.1.  
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An actin-derived peptide with a non-tryptic N-terminal Glu→pyro-Glu and a methionine sulphoxide, 
N. EMATAASSSSLEK.S, was identified in two of the 10 min roasting replicates. Cleavage at the C-
terminus of an asparagine residue was also noted on this peptide. An asparagine residue can 
spontaneously undergo deamidation or peptide bond cleavage at its C-terminus (Fig. 6.5) but the 
distribution of products in the two pathways seems to depend on the nature of the amino acid 
residue on the C-terminal side of the asparagine residue, as demonstrated by heating the model 
peptides that contained Asn-Gly, Asn-Leu or Asn-Pro at 100 °C and physiologically relevant pH, 7.4 
(for details, see Geiger & Clarke, 1987). Spontaneous cleavage between Asn-101 and Glu-102 in 
bovine lens α-crystallin had been observed by Voorter et al. (1988) after incubating the protein at 70 
°C, pH 7.4. The cleavage product had also been found in the old bovine lens nucleus (Van Kleef et al., 
1975).  
 
 
 
 
 
 
Fig. 6.5. Pathway of intramolecular cyclisation in asparagine-containing peptides resulting in (upper) 
succinimide (which can yield a mixture of normal and iso-aspartyl residue upon hydrolysis) (Geiger & 
Clarke, 1987) formation and ammonia release or (lower) peptide bond cleavage (taken from Van 
Lancker et al., 2011). 
The computational study by Catak et al. (2008) proposed that cleavage at an asparagine residue 
takes place after the residue has deamidated into an aspartic acid residue because the activation 
barrier for cleaving an aspartic acid residue’s C-terminal-side peptide bond is much lower than for 
that of an asparagine residue (Fig. 5.7 and Fig. 6.5 for aspartic acid and asparagine, respectively) 
unless this conversion is prevented by the protein’s structure, in which case the backbone cleavage 
of the asparagine residue may ensue. Spontaneous peptide bond cleavage at an aspartic acid residue 
has been discussed in Section 5.4.2.1. 
Pyro-Glu was first discovered by Haitinger (1882) as a product of heating glutamate at 180 °C (Kumar 
& Bachhawat, 2012) although Glu→pyro-Glu can also form in fairly mild conditions (like those for the 
trypsin digestion) but probably at a much slower rate than Gln→pyro-Glu, as already mentioned in 
“Material removed due to copyright compliance”  
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 Section 5.4.2.1. No other peptides with an N-terminal Glu→pyro-Glu that met the identification 
criteria (Section 5.3.9.3), except the two listed in Table 6.5, were identified in this study. Indeed, 
whether this observed Glu→pyro-Glu had been caused by the roasting could not be confirmed in this 
study. Nevertheless, the results here suggested N. EMATAASSSSLEK.S was a cooking modified 
peptide because both its semi-tryptic nature and side-chain modification can be related to heating, 
plus it was uniquely detected in the cooked samples. 
Many biologically active peptides contain an N-terminal pyro-Glu (Kumar & Bachhawat, 2012). 
Modified peptides with non-tryptic N-terminal Gln→pyro-Glu were observed after 240 min boiling 
(Fig. 5.5) although peptides with such modifications were not identified in this study. Glutamic acid 
and glutamine together take up roughly 15% of total amino acids in uncooked lamb meat (Purchas et 
al., 2014) and they are also major amino acids in some other common food materials, e.g., milk 
(Davis et al., 1994). Therefore the generation of peptides with N-terminal Gln/Glu→pyro-Glu and the 
potential influence of these modifications on the biological effects of these peptide sequences 
should not be overlooked. 
Dehydration of serine or threonine may occur during heat treatment (de Man, 1999). Curiously, 
peptides with these modifications were identified in the controls or both the control and cooked 
samples (Supplementary data 6.7). Although the reason is not known, this phenomenon has also 
been observed in another proteomic study (Wilmarth et al., 2006). Dehydration of serine has also 
been identified using an MS-based proteomic approach in both raw and thermally treated milk 
samples although the modified peptides qualified for semi-quantitation had weak signals (Wada & 
Lönnerdal, 2014b). Nevertheless, one actin peptide with a dehydrated serine (dehydroalanine), 
K.EITALAPSTMK.I, was solely identified in one of the 10 min roasting replicates. In addition, this 
sequence is also part of the sequence of the N-terminal pyroglutamic acid-carrying semi-tryptic 
peptide identified only in the 240 min boiling treatment samples (two of the replicates; Table 5.5).  
Concerning the percentage of semi-tryptic peptide identification, no distinct difference can be seen 
between the control and roasting GeLC samples (Fig. 6.6). In comparison, the long period of boiling 
appeared to lead to higher percentage of semi-tryptic peptide identification (Fig. 5.8). It is possible 
that the proteins cleaved during roasting might have also undergone cross-linking, making them 
insoluble in the urea-thiourea solution. The percentage of non-tryptic peptides did not show a clear 
trend among the samples (Supplementary data 6.7). The number of non-tryptic peptide 
identifications was below three for most samples and no greater than eight. Taken together, this 
particular dry heat treatment set-up appeared to be less efficient than the water boiling in truncating 
meat proteins that could then be solubilised in the urea-thiourea solution. 
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 Fig. 6.6. Percentage of semi-tryptic peptide identification. Please note that values obtained from 
different experimental workflows for each cooking replicate are independent from each other and do 
not necessarily add up to 100%.   
6.4.2.2   Meat homogenate residue 
With respect to the oxidative modifications, none were found solely in the cooked samples. 
Hydroxytryptophan and sulphonic acid had been identified in the control and 5 min samples while 
methionine sulphone (dioxidation of a methionine residue) in the controls only (Fig. 6.4). Methionine 
sulphone and sulphonic acid had both been identified in the controls of the meat boiling study 
(Supplementary data 5.8), whereas hydroxytryptophan has only been found in one of the 10 min 
boiling treatment samples (Table 5.5). All these modifications have already been discussed in the 
previous chapter (Section 5.4.2.1) although the exact reason for their presence in the controls is 
unclear. The absence of the peptide identifications carrying a methionine sulphone in the cooked 
samples was probably because the treatments had rendered the peptides too modified to be picked 
up for analysis. It has been observed using 2-DE in conjunction with MALDI-TOF/TOF in goat 
longissimus thoracis heated at 100 °C or autoclaved at 121 °C at 15 psi that the Mascot ion scores (a 
measure of how good an observed MS/MS spectrum matches the theoretical MS/MS spectrum 
generated from the stated peptide) of certain tryptic peptides from actin were markedly decreased 
in the heated samples as opposed to the unheated control (Sarah et al., 2013). Interestingly, the 
study identified one unmodified tryptic actin peptide exclusively in the heated samples with very 
good Mascot ion score (> 80). The authors attributed this to liberation of actin from actomyosin 
complex. 
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With regard to the other types of modifications, the peptide H.GNTVLTALGGILK.K with a deamidated 
asparagine residue and a potentially glucose-derived Amadori compound at the N-terminal residue 
(Table 6.5), as also found in one of the 5 min GeLC samples (Section 6.4.2.1), was solely identified in 
one of the 5 min replicates here. Specifically, this peptide was only detected in the samples exposed 
to the shorter cooking time, not only in this study but also in the meat boiling study (Section 5.4.2.2). 
Perhaps at longer cooking time, the Amadori compound had already degraded into the highly 
reactive dicarbonyl compounds which then became involved in AGE formation (Poulsen et al., 2013).  
The mechanism that caused this non-tryptic cleavage is not understood. Nevertheless, it is known 
that a hydroxyl radical can abstract a hydrogen from the alpha-carbon positions of the protein 
backbone, especially at Gly, because of its lower steric hindrance (Xu & Chance, 2007). One of the 
proposed backbone cleavage pathways initiated by this free radical attack could result in the 
formation of an N-terminus at the N-terminal amino acid of the fragment derived from the C-
terminal region of the protein (see Scheme 2 in Xu & Chance, 2007). Curiously, the histidine residue 
at which the peptide was cleaved belongs to one of the residues that bind to the haeme (UniProt: 
P02190; position 65 and 94 for distal and proximal His, respectively). Hydrogen peroxide, which could 
be present during meat cooking (Promeyrat et al., 2013b), can be reduced through oxidation Fe(II) 
ion to Fe(III) iron to produce hydroxyl radical (Estévez, 2011). It was demonstrated in Escherichia coli 
glutamine synthetase that amino acid residues situated at metal binding sites on the enzyme 
exhibited unique sensitivity to metal-catalysed oxidation by a site-specific mechanism (Stadtman & 
Levine, 2003).  
An actin peptide with a CEL was exclusively identified in two of the 10 min replicates (Fig. 6.4). A 
myoglobin-derived semi-tryptic peptide with an N-terminal Glu→pyro-Glu, G.EWQLVLNAWGK.V, was 
only found in the 10 min samples. The CEL and Glu→pyro-Glu have both been discussed in previous 
sections (5.4.2.1; 5.4.2.2; 6.4.2.1). In the model studies, truncation of the lysozyme (Hayase et al., 
1975a) and the tripeptide Glu-Ala-Gly (Hayase et al., 1975b), apparently through peptide bond 
cleavages, have been observed in the dry heat condition (200 °C for 20 min) under air without 
addition of other reactive species. An actin peptide with a threonine dehydration was detected in 
one of the 10 min samples. Since this modified peptide was also found in the urea-thiourea extracts 
of the control and roasted samples (Supplementary data 6.7), its presence here may not be caused 
by heating. 
6.4.3 Conclusions 
In this study, the effect of dry heat cooking on a range of amino acid residue-level modifications was 
investigated using a MS-based proteomic approach. The results showed the elevated temperatures 
commonly employed in roasting cause aggregation/polymerisation of certain major meat proteins 
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that differ greatly in three dimensional structures, e.g., the myosin heavy chains and the glycolytic 
enzymes. Dramatic loss in overall protein extractability in the urea-thiourea solution and 
fragmentation of several proteins were featured at longer cooking time. However, the major skeletal 
muscle collagens, type I and III, appeared to become more soluble after the longer cooking. 
A number of heat-induced protein primary structural changes in the roasted lambs were also 
characterised (Table 6.5). The results also implied that the aromatic residues could have potentially 
become very modified under the roasting conditions, resulting in modifications that are currently 
beyond the scope we look at.  
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6.5 Supplementary data 
Below is the list of the titles of the supplementary data for this chapter. Please refer them to the 
attached documents (in the compact disc attached to this thesis) specified under each title: 
Supplementary data 6.1. Record of the meat roasting experiments. 
Supplementary data 6.2. Tryptic digest dilution scheme for the GeLC samples; images of the SDS-
PAGE gels prior to slicing for GeLC; images of the analytical SDS-PAGE gel lanes for cooking replicate 1 
and 3. 
Supplementary data 6.3. False discovery rates (FDR) of the Mascot Percolator post-processed 
searches for protein identification and those of the standard Mascot searches for estimating the 
proportion of non-/semi-tryptic peptides in a gel lane. 
Supplementary data 6.4. Protein identification results and the number of the corresponding peptide 
identifications in each LC-MS/MS run. 
Supplementary data 6.5. Raw (ProteinScape) protein identification reports from which 
Supplementary data 6.4 was compiled. 
Supplementary data 6.6. ProteinScape annotated MS/MS spectra of peptides with a modification of 
interest and their unmodified counterparts. 
Supplementary data 6.7. List of non-native peptides observed in the control or both the control and 
roasting treatment samples; the raw calculation for the percentage of semi-tryptic peptides. 
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Chapter 7 
General conclusions and future development 
As the post mortem derivative of skeletal muscle, meat has high protein content. Proteins that 
exhibit distinct three-dimensional structural differences (e.g., globular and fibrous) are found in meat 
and they are typically grouped as sarcoplasmic, myofibrillar and connective proteins based on their 
solubility in aqueous solutions. The three-dimensional (tertiary) structure of a protein is determined 
by its intrinsic amino acid composition and sequence, i.e., the primary structure, as well as the 
physio-chemical properties of the environment. Alterations in the tertiary structure of meat proteins 
typically have a direct impact on its appearance and functionality (texture-forming properties). 
However, the primary structure per se can also be modified by the environment. These modifications 
can lead to change in nutritional quality. Heating, as usually applied on livestock meat prior to human 
consumption to alleviate microbial concern and improve sensory/eating quality, is among the key 
physio-chemical determinants of protein structures. On account of that, a considerable amount of 
research effort has been put into understanding the effect of heating on meat proteins at the 
molecular level in order to help optimise processing conditions for consistent delivery of high quality 
meat products. This knowledge can also be utilised as baseline information for developing novel 
meat products. While much valuable insight has been shed on the structural changes of meat 
proteins in response to meat cooking (reviewed in Section 2.3), a lot more remains to be found out. 
One of the key aspects requiring further investigation is the mapping of primary structural 
modifications in individual meat proteins during heating. Such research has been more intensively 
conducted on milk (reviewed in Section 2.4), which is another important dietary protein source that 
often experiences thermal treatments. 
With an aim to deepen the knowledge on heat-induced primary structural changes in the context of 
lamb meat, one of the key agricultural export products from New Zealand, this thesis reports an 
account of mapping selective amino acid residue-level modifications in cooked lamb Iongissimus 
thoracis et lumborum using a qualitative shotgun proteomic approach (introduced in Chapter 3). 
Quantitation is an ultimate goal for all kinds of biochemical analysis, including those of proteomics. 
However, before applying quantitative proteomic techniques (which could be more costly to 
conduct) to a sample with relatively poorly explored primary structures such as cooked meat 
proteins, it is best to obtain qualitative proteomic information on the samples of interest. The 
information gained, e.g., the types of protein modifications that may be detected under the given 
treatment conditions and analytical approach, the proteins that are likely to provide peptides as 
modification markers for routine analysis and the sensitivity of the analytical approach used, will help 
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build a robust quantitative proteomic strategy that is ready to evaluate protein modifications 
between meat treated with different types and extents of thermal processing in future. 
The experimental chapters began with the characterisation of the 48 h post mortem lamb 
Iongissimus lumborum proteome (Chapter 4) because an in-depth proteome catalogue from lamb 
skeletal muscle/meat had not yet been reported prior to the study. The shotgun proteomic 
experiments, preceded by protein sample fractionation and followed by bioinformatics analysis, 
identified and characterised 388 ovine-specific proteins, confirming the existence of at least 300 
predicted protein sequences from the sheep genome version 3 (OAR v3). The GO-based function 
prediction for these proteins was inferred mainly from other mammalian species (Supplementary 
data 4.5) because the GO annotation for the sheep sequences was limited at that time. It is good to 
note that the situation is much improved now as the Ensemble (http://asia.ensembl.org/index.html) 
annotation of the latest genome assembly (Jiang et al., 2014) was recently released and many more 
sheep sequences are now available at UniProt (http://www.uniprot.org/).  
Since the shotgun proteomic approach was shown to be capable of confidently identifying various 
abundant proteins (more relevant in terms of the food matrix) from the sarcoplasmic and 
myofibrillar fractions, which comprise the major proportion of meat proteins, it was then applied in 
the subsequent meat cooking studies (Chapter 5 and 6) with modifications to accommodate the 
experimental design. The effect of boiling (hydrothermal) treatment was explored first (Chapter 5), 
building on the experience of the AgResearch Proteins & Biomaterials team members’ investigation 
on hydrothermal protein modifications of beef mince (Deb-Choudhury et al., 2014) although the 
analytical approaches/workflows were quite different between the two studies. For both meat 
boiling and roasting studies, the overall SDS-PAGE banding (protein) profiles within replicates looked 
similar (Fig. 5.4; Supplementary data 5.2; Fig. 6.2; Supplementary data 6.2), suggesting the cooking 
experiment designs had adequate reproducibility.  
The meat boiling study revealed distinct differences in gel banding profiles and protein identification 
results of meat and cooking water between short and long periods of boiling. The GeLC (specifically 
for the urea-thiourea extract) results indicated boiling can cause truncation and/or 
aggregation/polymerisation of some sarcoplasmic and myofibrillar proteins and the effects became 
more pronounced during prolonged treatment in terms of the number of protein and peptide IDs 
involved. Corresponding to the literature, the results indicate meat aggregation/polymerisation is a 
key event in cooking and shall always be taken into account in any research on meat cooking. Myosin 
heavy chains showed sign of truncation and titin was severely modified in an unknown way so that 
the number of its identifiable peptides was largely reduced. The cooking water and meat 
homogenate residue results showed the connective protein type I collagen seemed to have also 
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undergone unknown modification(s) during prolonged boiling, as demonstrated by the change in the 
number of its peptide IDs. The meat roasting study showed that high temperature and dry heat was 
much more destructive to protein structure than boiling, as evidenced by the significant reduction in 
protein extractability in the urea-thiourea solution and lack of defined bands in the gels at 10 min 
roasting under the given cooking set-up. The GeLC results showed a number of proteins including 
myosin heavy chains appeared to be involved in aggregation/polymerisation at 5 min whereas at 10 
min protein truncation had also become pronounced although this was not obvious based on the % 
semi-tryptic peptide estimated. All the 10 min meat homogenate residue samples had a higher 
number of peptide IDs from the major meat proteins than in the controls whereas the opposite 
happened to the type I and III collagens, which were more readily identified in the GeLC samples.  
Several peptides with heat-induced amino acid residue-level modifications were characterised in the 
cooking samples. These modifications included single oxidation of aromatic amino acids, didehydro 
of threonine, acetylation of lysine, non-tryptic N-terminal Gln→pyro-Glu, dehydroalanine of serine, 
CEL and the probable hexose-derived Amadori product at non-tryptic N-terminal in the boiling 
treatment sample(s) (Table 5.5) whereas in the roasting treatment sample(s), the latter three 
modifications and non-tryptic N-terminal Glu→pyro-Glu were detected (Table 6.5). Certain 
peptide(s) resulting from cleavage at the C-terminal to aspartic acid or asparagine residue were 
detected in the boiling and roasting treatment samples. These two types of peptide bond cleavage 
have been shown to occur spontaneously under heating in other studies (discussed in Section 5.4.2 
and 6.4.2). Fragmentation products in meat hydrothermally treated for longer periods of time may 
be more easily detected in myosin heavy chains and light chains (Table 5.5) and the breakdown 
products from myoglobin identified via the peptidomic approach may have potential as markers for 
hydrothermal treatments (Section 5.4.2.2). The results from this research also suggest that actin and 
myoglobin may be important in providing identifiable peptides with the modifications related to 
cooking. The cooking modified peptides will have potential to be used as markers to ultimately 
correlate with nutritional quality (e.g., digestibility) and physical and chemical properties of the meat 
in response to cooking conditions. 
Qualitative comparisons between the samples (typically the GeLC ones), based on the presence 
(detected) or absence (undetected) of the peptide identifications, were made under the assumption 
that peptides were within the detection limit of the machine after the dilutions prior to LC-MS/MS 
analysis. Quite a few GeLC samples (tryptic digests) derived from the gel slices with higher overall 
stain intensity, underwent dilutions depending on the stain intensity as specified in Supplementary 
data 5.2 and 6.2. The purpose of the dilutions was to minimise sample carry-over by bringing the 
signal intensity of the tallest peak in the MS scan base peak chromatogram below or near 1.0 x 109. 
On the other hand, the manually sliced gel sections could be subject to some extent of variation in 
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size and dimension so the band(s) covered in a gel slice sample for trypsin digestion may not be 
exactly the same as estimated from a gel photo. Therefore the dilution scheme in this case was not 
quantitative. This is a trade-off in order to get higher signals from gel slices containing lower amount 
of proteins. The maximum dilution factor used was eight fold. The dilution issue can be largely 
reduced by diluting all the gel slices with the same dilution factor or not diluting and using smaller 
amount of proteins for SDS-PAGE. However, either way can potentially lead to loss of information 
from overall fainter gel slices. With hindsight, it appears that a considerable proportion of the 
modified peptides found solely in the cooking samples (Table 5.5 and 6.5) were detected in the low 
Mr gel section(s) that often had lower overall stain intensity (Supplementary data 5.2 and 6.2). 
Therefore, the fainter gel sections should not be overlooked.  
Based on the experiences gained in this research programme, suggestions for future development of 
proteomic mapping of amino acid residue-level modifications in cooked meat are given here: 
1. Sample preparation for analysis: 
Alternative protein digestion method(s) that do not rely on lysine/arginine residues for peptide bond 
cleavage may expand residue-level modifications that can be mapped. Suitability for subsequent 
MS/MS data acquisition and data interpretation must also be considered. Glu-C, the serine protease 
that cleaves specifically at C-terminal to glutamic acid or aspartic acid residue (Birktoft & Breddam, 
1994; Drapeau, 1977; Drapeau et al., 1972), is perhaps the best one to start with since it has already 
been applied in the literature for proteomic mapping residue-level modifications (Guedes et al., 
2010; Meltretter et al., 2013, 2014). However, its amenability to gel samples might need to be tested 
or confirmed from the literature. 
Minimising the modifications introduced during sample preparation will be highly desirable because 
they may be identical to those induced by heating, including asparagine and glutamine deamidation 
(Akazawa-Ogawa et al., 2014; Solazzo et al., 2013), methionine oxidation (Meltretter et al., 2014) and 
N-terminal Gln→pyro-Glu (Liang et al., 2014). Ren et al. (2009) using an optimised in-solution trypsin 
digestion protocol with a 30 min digestion period reported a great reduction in asparagine 
deamidation and N-terminal Gln→pyro-Glu, in addition to less trypsin self-digestion and non-specific 
cleavage. Recently, Hildonen et al. (2014) found prolonged digestion time, such as overnight 
digestion, resulted in loss of tryptic peptides and decline in protein amino acid coverage in the case 
of in-solution trypsin digestion. Indeed, the optimal digestion time for a certain sample needs to be 
determined empirically due to the various factors (e.g., sample composition and method applied) 
that can be involved (Hildonen et al., 2014). It is also worth mentioning that pH of meat needs to be 
taken into account when evaluating meat protein modifications because it is specific under the 
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conditions of a given study and can influence the protein structures in meat. The low pH often found 
in post mortem muscles (e.g., pH 5.5 as opposed to physiological pH of 7.4) can promote 
metmyoglobin-induced lipd oxidation (Baron & Andersen, 2002). The resulting lipid hydroperoxide 
may react with with other natural components of muscle including iron and generate reactive oxygen 
species that in turn lead to protein modifications (Promeyrat et al., 2013a).  
Gel-based proteomic approaches would be particularly useful for identifying proteins involved in 
polymerisation and truncation while gel-free proteomic approaches for analysing pellets insoluble in 
denaturant(s) – this is particularly important for intensely cooked samples, e.g., the 10 min roasting 
treatment samples (Section 6.4.1.1) in this research. 
2. Trying more optimised LC gradient and MS settings:  
In this research, a relatively standard linear RP gradient (2-45% B in 60 min; B being 98% 
acetonitrile/0.1% formic acid; % B increase was 0.72% per min) was employed for LC-MS/MS of the 
cooking studies. Since the studies involved more intense cooking conditions, the use of a simple LC 
gradient may provide more easily interpretable information for future improvement in case of any 
unexpected observation. Assessment of a selection of the base peak chromatograms from the 
roasting experiments (Fig. 7.1) indicates that sample separation can be improved by utilising a 
shallower gradient. For example, if the total gradient run time is to be kept at 60 min, 5-34% B that 
covered the main intense peaks can be extended to 50 min while 2-5% B and 34-45% B shortened to 
2 and 8 min, respectively. It is suggested that the maximum % B at 45 is kept despite the peak 
intensity at this point could be relatively much lower (Fig. 7.1) because one apparently heating 
modified peptide (D.QIISANPLLEAFGN.A) was eluted near 42% B, according to its retention time 
(Table 5.5). 
Implementing a longer dynamic exclusion period can also be considered, say trying 1.0 or 1.5 min as 
opposed to the 0.2 min used in this research programme. The advantage of shorter dynamic 
exclusion period is that the risk of missing peptides with very close m/z, which could happen in 
complex mixtures and samples with heavily oxidised proteins due to co-elution (Tornvall, 2010), from 
MS/MS acquisition is reduced. Nevertheless, the results presented here indicated that peptides 
modified by cooking that can be released by trypsin digestion appeared to be present in low relative 
abundance. In this sense, even if they had co-eluted with unmodified peptides, the latter might still 
out-compete them in the data-dependent acquisition mode because of their higher abundance. 
Therefore lengthening the dynamic exclusion period is likely to be a better trade-off for detecting low 
abundance peptides in this case. 
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 Fig. 7.1. Selected base peak chromatograms from the roasting experiments (refer to Chapter 7). Upper eight panels came from the Gel Sections 1-8 (not following 
the order) of the 5 min roasting replicate 2 and lower three panels, the 10 min roasting meat homogenate residue replicates. 
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There are other LC-MS techniques that increase the relative proportion of low abundance peptides 
for data acquisition at a given moment of chromatographic time, including exclusion list and gas-
phase separation. The former means configuring a mass spectrometer to skip the analysis of a 
specified list of m/z that correspond to the uninteresting peptides such as those of contaminant 
proteins or highly abundant peptides that have already been confidently identified. The latter 
approach typically involves iteratively analyses of a given sample by successively LC-MS/MS runs, 
each with a unique m/z range designated to MS/MS precursor ion selection and has been 
demonstrated to effectively expand the proteome coverage from an unfractionated cell lysate when 
the gas-phase separation ranges were optimised (Scherl et al., 2008).   
As mentioned earlier (Section 5.3.9.3), certain chemical modifications are more readily analysed with   
alternative MS technologies, e.g., electron transfer dissociation (ETD) has been shown to give much 
more informative MS/MS spectra for glycated peptides produced from reaction of D-glucose with 
lysine resides as opposed to CID. A very recent proteomic study on commercial milk samples also 
demonstrated that ETD outperforms CID on the identification of a range of Maillard reaction 
products as the former generated many more sequence-informative fragment ions (Renzone et al., 
2015). Therefore it is worth considering which MS at one’s disposal is the most suitable for 
characterising a modification of interest in future investigation. 
3. The effect of heat-induced protein aggregation: 
Protein aggregation takes place during meat cooking (Promeyrat et al., 2010a). The effect of protein 
aggregation on the formation of amino acid residue-level modifications is not well understood but its 
potential influence should not be ignored. Grosvenor (2010) has expressed concerns regarding the 
potential for thermally treated protein samples to display lower sample recovery than their 
untreated equivalents because of increased cross-linking and aggregation. Either complete recovery 
of all samples, identical recovery for all samples, or known recoveries of all samples, is the 
prerequisite for quantitative comparison of protein modifications between samples (Grosvenor, 
2010). Detailed characterisation of the local structures (including secondary elements) of protein 
aggregates/polymers and the associated cross-links in cooked meat, if achievable (since meat 
comprises a wide range of structurally heterogeneous proteins, as already discussed), will provide 
more context to help fully elucidate the proteomic mapping results of the amino acid residue-level 
modifications.  
In view of the trend that consumers being increasingly critical on health and safety aspects of meat 
products and food in general (Oostindjer et al., 2014), as well as the need for New Zealand to take a 
foothold as a key global supplier of both quality raw food ingredients and processed food products, 
the knowledge of the effect of processing on protein structural alterations in meat and other protein-
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rich foods at molecular level and the capability to acquire such information will help better 
understand the fundamental mechanisms that result in the nutritional, health and sensory properties 
of food products. This will contribute to a solid scientific basis for sustaining/improving product 
quality, validating nutritional or bioactive claims, and subsequently strengthening value adding and 
product differentiation. 
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